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The contents of this report represent the views of the Task Force and are
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the toxic substances problem in the Great Lakes:
a comprehensive track and a
primary track.
The purpose of the comprehensive track was to systematically
evaluate all contaminants
identified in the Great Lakes and promote those
representing an immediate threat to human health or the aquatic and
terrestrial ecosystems to intensive assessment for immediate remediation
through a primary track process.
The purpose of the primary track was to
identify, quantify, and virtually eliminate all significant sources of
contamination.
In l985 the Water Quality Board identified, by consensus,
eleven toxic chemicals (Table l) believed to be critical pollutants in the
Great Lakes and recommended that these chemicals should be subjected to the
primary track process.
The Board intends that the list of critical pollutants
be dynamic and evolve in response to additional information on sources,
transport, fate, distribution, and effects of chemicals.
Remedial action
which effectively limits exposure might also be responsible for the eventual
deletion of the chemical from the Primary Track.
The criteria for promotion
to and deletion from the primary track are presently being developed by the
Board's Coordinating Committee for the AsseSSment of Toxic Chemicals.
The Board intends to support its two-track strategy through the use of
predictive, scientifically valid mass balance models of toxic substances.
These models depend on fundamental
knowledge of chemical
properties,
environmental characteristics, and sources.
Properly developed models will
provide the Board and other Great Lakes resource managers with the capability
to test the impact of various management alternatives.
In this way,
knowledgeable and defensible decisions
can be made to protect human and
environmental health.
Once a mass balance model has been verified for each pollutant of concern,
the long term effects of various source reduction strategies on Great Lakes
water quality can be simulated.
If predictions derived from the mathematical
modelling exercise indicate that water quality will remain or become degraded
at existing or projected toxic pollutant loading rates, load reduction efforts
can be directed to the significant sources to which the system is most
responsive or which are most amenable to control and cleanup efforts.
TABLE 1
LIST OF CRITICAL POLLUTANTS IDENTIFIED BY THE









 To assist the IJC's Water Quality Board, the Toxic Substances Committee
undertook a project to investigate the feasibility of using mathematical
models for the following purposes:
l. To establish a relationship between loadings of toxic chemicals and
their concentrations in the various compartments of the Great Lakes
ecosystem.
2. To verify source identification and quantification via mass balance.
3. To estimate that loading to the Great Lakes ecosystem which would
account for the observed environmental conditions. This would allow
back calculation of the loading from those sources and pathways which
do not easily lend themselves to study and quantification.
4. To differentiate the responsiveness of the system to load reductions
from various source categories and pathways.
5. To estimate the response of the ecosystem to various load reduction
scenarios, in response to additional regulatory measures. This would
allow the Board to advise on the efficacy of various alternative
remedial measures; and
6. To establish the veracity of the model(s), so they can be applied to
other contaminants.
In early 1986, the Toxic Substances Committee established a Task Force on
Chemical Loadings to guide this investigation. The Task Force requested three
modeling groups to prepare separate reports on modeling the fate of PCBs in
Lake Ontario that would be reviewed by experts in the field at a workshop.
These groups were selected from modelers who had already developed toxic
chemical models of general applicability. The groups chosen were: l) Rodgers
and co-workers from Limnotech, Inc., 2) Connolly and co-workers from Manhattan
College, and 3) Mackay from the University of Toronto. These three efforts
were exploratory applications of mass balance modeling limited by time,
resources and the fact that the data used in the application were not
collected to support a modeling approach. However, eachgroup agreed that
these applications could indicate the potential of modeling to accomplish the
above purposes and to focus further research and improve monitoring
strategies. Appendix III contains a report by Rodgers to the Water Quality
Board that specifically examines management applications.
The workshop was held on February l8-l9, 1987 at the Institute of
Environmental Studies, University of Toronto, Toronto, Ontario, Canada.
Forty—two scientists, most of them with extensive experiences in mathematical
modeling, participated in this workshop (Appendix VI). On the first day of
the workshop, the modelers described their models and explained the concepts,
processes and parameters they used to develop these models. 0n the second
day, two panel sessions were held: the first to discuss the strengths,
weakness and data gaps of the models and the second, to address their
application and management implications. This report discusses the modeling
approach, draws conclusions from the results, and makes recommendations. Much
of the report is based on the discussions at the workshop. Details on these
discussions are included in Appendices I and II.
2. DESCRIPTION OF THE MODELS
Given the lack of data adequate to quantify tributary and atmospheric
sources of PCBs and the limited data available to quantify concentrations of
PCBs in air, water, sediment, and biota under the influence of those sources,
only a very simple model could be used for the workshop exercise. In
discussions with the modelers, it was agreed that Lake Ontario should be
treated as a reaction vessel of uniform depth with a volume and surface area
equal to those of the real system. It was also agreed that, to assure
comparability of the models, the same flow and particle balances, PCB loading
scenarios, and values of PCB chemical properties should be used by all three
modelers with independent interpretation of processes allowed.
The tasks were then divided up equally.
Connolly and co-workers performed
the particle balance calculations, derived settling and resuspension rate
coefficients, and summarized the fish contaminant data.
Mackay calculated the
atmospheric loading function and supplied PCB properties data. Rodgers and
co—workers reconstructed the historical tributary loads.
The fate processes taken into account in the models were:
0 adsorption/desorption of PCBs between particles and water;
0
volatilization of dissolved PCBs across the air/water interface;
0 particle settling to and resuspension from the bed sediments;
0
particle sedimentation via burial below the active sediment layer;
0 transformation/degradation reactions including biodegradation,
photolysis, hydrolysis, reduction/oxidation; and
o hydraulic dilution via flow into and out of the system.
Each of the modelers made the following assumptions:
0 the lake water column is completely mixed both horizontally and
vertically (well~stirred reactor) and is of uniform average depth (86
meters) with no seaSOnal stratification;
o the lake bed sediment is completely mixed both horizontally and
vertically in each layer and is of uniform average depth;
0 adsorption/desorption between particles and water is so rapid that
the particles and water are in local equilibrium;
0
particle/water partitioning equilibrium is reversible, exhibiting no
hysteresis;
 0
particles of a particular type are of constant size, shape, and
composition and do not grow in size because of coagulation nor


























































































































































































































































































































assumed a prevailing atmospheric c0ncentration of PCBs, then calculated wet
and dry deposition and absorption/volatilization rates from these
concentrations.



















et al. used the PCB concentration vs time profile from a representative
sediment core taken at the mouth of the Niagara River.
They then found the
sediment concentration corresponding to the year
l975 and obtained a PCB












c0ncentration ratio for that year using



































the rate of external
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flesh concentration at steady~state.




























































































































































C. Continued Load Reduction
6. Set future loads at non-steady levels based on the assumption of a
continued load reduction paralleling the current trend. Connolly
suggested a lst order load reduction rate constant of 0 057/yr
[wt = No exp (—0.057 t)]. The half—life of this load reduction
is 12.16 yrs.
D. Distribution Analvsis
7. Water concentration for initial condition = 1 ng/L (sediment and air
concentrations = 0.0).
8. Sediment concentration for initial condition = 100 ng/g (water and
air concentrations = 0.0).
9. Air concentration for simulation period = 10 ng/m3 (water and
sediment concentrations for initial conditions = 0.0).
Mackay's model could distinguish the difference between atmospheric load
reductions and other load reductions. However, analysis by Di Toro showed
that a reduction of the atmospheric concentration of PCBs by half would cause
a reduction in the net loading to the system of more than one—half. Mackay
tested this hypothesis and found it to be consistent with his model.
To illustrate the results of these exercises, a comparison of the results
for the time to half-clearance in response to a projected exponential decrease
in the baseline (1980) PCB load is displayed in Table 2.
 
TABLE 2
TIME* TO HALF—CLEARANCE (YEARS) IN RESPONSE
TO A PROJECTED EXPONENTIAL DECREASE
IN THE BASELINE (l980) PCB LOAD
TOP PREDATOR SPORT
WATER SEDIMENT FISH
Mackay 9.1 8.9 tracks with the
water column (9.1)
Rodgers et al. 13.0 43.1 tracks with the
water column (13.0)
Connolly et a1. 15.6 23 16.1
     
* Sum of lake response time and loading reduction time. Lake response time is
much less, on the order of .5 to 2 years.
The times in this table are potentially misleading and should be
interpreted with care. These response times are essentially the sum of the
time of response of the lake and the time to reduce loadings as built into the
  
exponential decrease function. The latter dominates. A striking finding of
all three models was that the water column would respond to a step change in
loadings with a time to half clearance of 0.5 to 2 years. This time is
chemical-specific and system—specific. This is a very encouraging and
significant finding since it shows that short term benefits can be obtained
from loading reduction.
Because the active sediment layer used by Rodgers et al. was deeper (5 cm)
and Mackay's shallower (5 mm) than that used by Connolly et al. (2 cm), the
sediment half—clearance times vary by more than the water column response
times. Due to the inclusion of a pharmacokinetics—based food chain model,
Connolly et al. project a lag time between water column clearance and
clearance of top predator sport fish. On the other hand, the response of the
fish in the other two models tracks with the water column because the fish are
assumed to be at instantaneous equilibrium with the water column at all times.
Connolly and co-workers found that the time required for reduction of PCBs
in a given lake trout to one half its initial concentration with no external
PCB concentration is on the order of 5-7 years, indicating that depuration is
extremely slow and reduction in concentration occurs primarily through
dilution via growth of the organism.
The full report by each author on each model is included in
Appendices III-V. The reports have been reproduced as they were received from
each modeler. Peer-reviewed journal articles on this work are available in
































































































































































































































































































































































































































































































   
  
 
Representational errors can be attributed to a choice of mathematical
relation (function) for a particular process or set of processes that does not
faithfully reproduce the effect of the process<es).
Representational errors
are often introduced into a model whenever simplifying assumptions or
approximations are made to match the data input requirements to the available
data or to reduce the computational complexity, time and cost. Calibrational
errors arise as a result of inadequate or inaccurate data in the calibration
data set.
Statistical or stochastic errors arise when a single value is input
for a particular parameter when the parameter has a natural spatial or
temporal variability that is better described by a probability distribution
function rather than its central tendency (mean).
It is likely that the three
Lake Ontario models contain sources of error from each of the three categories.
At present it is difficult to determine whether there is a significant
deviation between model predictions and reality, and if so, which source or
sources are contributing to the error.
In the ideal case, the models would be
tested against a verification data set that has not been used previously in
model development.
Since such a data set is not yet available, the realism of
the models may be judged based on how well they reproduce the observed data
while using internally and externally consistent model coefficients.
In principle, it would be possible, with a little extra effort, to study
how errors in input data and in coefficients are propagated through a model
and affect the model's predictions. Whether this would be useful without some
independent data set to assess the overall validity of the model is
debatable. At a minimum sensitivity analysis and Monte Carlo analysis will
provide insight into model response, process dominance, and other issues.
At
this stage we
do not have any assessment of what the errors in prediction are,
but more important, we have no assessment of what the bias is in the
predictions, that is, whether they will tend to give high or low predictions.
One potential source of model bias that can be identified on theoretical
grounds is the assumption of instantaneous local partitioning equilibrium
between particles and water.
If resource managers require finer temporal and
spatial scales then these could be incorporated.
Another source of bias is
the clearance rate frOm both the sediment and fish which could be retarded
relative to the rate predicted by the partitioning models.
There are numerous other known or potential weaknesses in the models or
the data used to calibrate them that are discussed in Appendix 1. However,
all can be corrected either by increasing the complexity of the models or by
verifying and refining transfer mechanisms, particularly those involving
sediment and sedimentation processes, through laboratory and field studies.
A
more detailed discussion of the sources of calibrational error follows.
The accuracy of input data, such as tributary and atmospheric
loadings,
will have a major effect on the accuracy of the predicted results.
At this
time our knowledge of these loadings is highly uncertain and, although
estimates have been made for both tributary and atmospheric loadings, we have
no idea whether these estimates are biased low or high.
While considerable
work has
been put into an attempt to measure
loadings of toxic chemicals
to
Lake Ontario from the Niagara River, a comparable effort has not been made on
other tributaries.
Some of these tributaries drain major industrial and
population centers and, although their volume of flow is considerably
less
than that of the Niagara River, for some chemicals, these may make a
significant contribution. There is a clear need to sample tributaries at
their mouth more frequently than is currently the practice and such sampling
should be conducted in a way that is correlated to the variable flow of the
tributary. The detection limits used in the analysis of the samples must be
much lower than are currently used. Clearly the quantification of loads will
be a major undertaking.
The atmospheric load of PCBs to Lake Ontario may be comparable to the
total tributary load. It is very poorly characterized at present. One would
like to be able to measure the total load of PCBs that enters the ‘air
compartment' of the model from all volatilization sources from within and from
without the basin minus the load of PCBs that enters directly through
volatilization from the lake itself. This may not even be conceptually
possible, and if that is the case, the models will have to be modified to take
this into account.
The data available that characterize the PCB distribution, such as water
column, air, sediment concentrations, and fish concentrations, were not all
measured during the same time period. This should be corrected in future
modeling so that all measurements made on distributional parameters are made
concurrently.
Data from sediment cores were used only indirectly in these models because
few measurements are available. Sediment c0res will show the historic
sediment distribution in sediments with some accuracy if sufficient numbers of
cores are taken to give sufficient lake—wide coverage. This has not been
done, and, considering the importance of sediment in binding PCBs, this
constitutes a major data gap. This problem has been addressed in the Great
Lakes International Surveillance Plan (GLISP) but, to date, adequate sediment
sampling has not been implemented.
Another aspect of data inadequacy was noted in the workshop. Much of the
data available are from near-shore areas and to a great extent do not
necessarily reflect lake-wide conditions. This could be corrected by
collection of more open lake data but themodel may have to be broken down
into separate near-shore and open lake compartments to fully use the data.
Accumulation of synoptic loading, sediment, water column, and biotic data
will constitute a formidable task for the future. Such data are necessary and
their bias and precision must be known if models are to provide predictions






In its 1985 Report on Great Lakes Water Quality, the IJC's Water Quality
Board identified eleven "Primary Track" pollutants whose sources should be
located and virtually eliminated to the extent practicable over the next three
to five years. The l985 Water Quality Board Report indicated that
mathematical modeling was to play an important part in guiding the Board's
toxics control strategy, just as it had played an important part in guiding
the eutrophication management strategy in the previous decade. By analogy,
modeling could lead to target load reductions for each of the Great Lakes for
each of its problem Critical Pollutants.
There are two schools of thought regarding the need for mathematical
modeling to implement the Board's strategy. The first argues that there is no
need to use mathematical modeling to implement the Board's Primary Track
Strategy. Rather, the staff, equipment, and funds that would be tied up in
monitoring the Great Lakes ecosystem to calibrate, validate, and audit the
models and in the modeling itself could be more effectively directed to source
identification, quantification, and control according to priorities dictated
by the absolute and relative magnitudes of the sources. The 'model skeptics'
wanted proof that models of the desired confidence level could be developed,
calibrated, validated, and audited with reasonable expenditures of funds
within a reasonable time frame.
In addition, the model skeptics wanted proof that models were a necessary
tool required for implementation of the Board's Primary Track Strategy for
which no more cost-effective alternative existed. Model skeptics also argue
that there are insufficient data available to calibrate and validate a model
even for such intensively studied compounds as PCBs, so that the models
developed over the last fifteen years are largely untested and, as yet,
untestable. Finally, although the analogy to phosphorus pollution control was
easy to make; in fact it was not the best analogy, since there are necessary
levels of phosphorus in the lakes to sustain a natural, balanced Great Lakes
ecosystem, while there are no necessary levels of toxic pollutants of
anthropogenic origin.
The second school of thought argued that modeling was needed to implement
the Board's strategy. Although a strict analogy between toxic substances and
phosphorus load management may be inaccurate, it would be appropriate to press
for target load reductions guided by modeling. Modeling should be able to
assist in quantifying as yet unknown, poorly quantified, or hard-to-quantify
sources. In addition, modeling should make it possible to determine that mix
of load reduction effort to which the Great Lakes ecosystem is most responsive
or which source reduction strategy is most cost effective. Each jurisdiction
is developing ambient standards for toxics which will define levels and for
which allocation of various sources will be focused. Finally, modeling should
provide an estimate of the time required to achieve a particular magnitude of











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Substances Committee to investigate the feasibility of using mathematical
models
in six applications.
The comments below on each of these
specific
model
uses are derived primarily from work of the three modeling exercises
and
the comments on these exercises at the workshop held in Toronto on February
l8—l9, l987.
Application l.
Establish a relationship between loadings of toxic chemicals
and their concentrations in the various compartments of the Great Lakes
ecosystem.
Comment
The models have established these relationships.
However, the accuracy of
the results cannot be assessed because:
— The models were underdetermined in the sense that all the
experimental measurements were used to fit model parameters and there
were no independent measurements that could be compared with model
calculations.
—
The accuracies of the measurements used as input to the models were
not assessed and, in particular the accuracy of the historical
loading data is probably unknowable.
Most important,
the bias of the models,
whether they predict results that





probably unknowable in any practical
sense,
as there were no independent
measurements to test for bias.
The results of the sensitivity analyses
performed on the models suggest
the parameters where
it will













Mass balances on the water and sediment compartments were carried out as a
function of time in all three models as a means of formulating the basic
mathematical
structure of the models.
However,
at the present time there
is no way of determining the aCCUracy of the results and therefore there
are not sufficient data to verify that all sources have been identified
and included in the rather primitive source loading portions of the model.
  
Application 3. Estimate the loading to the Great Lakes ecosystem that would
account for the observed environmental conditions.
QQEEEDL
In the model formulations the loadings were estimated independently of the
models and used as input. They were not estimated as model outputs. As


















This would then allow an estimate of loading to be obtained as a model
output.
Application 4. Differentiate the responsiveness of the system to load
reductions from various source categories and pathways.
Comment








































































































































































































































































in the atmospheric contribution. Mackay's results support this
hypothesis, but further validation must be conducted before firm
conclusions are drawn.





























































































will be useful for regulatory purposes.
Application 6. Establish the veracity of the models, so they can be applied
to other contaminants.
Comment
There is no apparent reason why the models used in this exercise could not
be used for other contaminants if the necessary input data are available.
-13-
 
 However, caution is advised. Other contaminants may have markedly
different chemical or physical properties from PCBs, resulting in a
different set of sensitivities, and their loading rates and amount in the
ecosystem may be different from PCBs by orders of magnitude. Such
differences may cause the model to behave qualitatively differently in
that certain model processes, not important for PCBs, may become very
important for the other contaminant. Independent verifications may be




The Toxic Substances Committee,
after examining
the results of the three
modeling exercises and evaluating the output of the workshop, including the























































the rates of these processes,
e.g. depth of the active sediment layer,






The relative contributions of the
water and sediment food webs to the contaminant levels in top predator
fish are also of interest and link these important physico-chemical
processes to the predicted rate of recovery of the aquatic and terrestrial
ecosystems.
The most obvious data gap is in the input loading data,
although the lack of concurrent data sets is also of concern. In
addition, the question of whether PCBs need to be modeled at the homolog













input data. particularly that needed to quantify source loadings.
The current models
should only be used for guidance for major regulatory
decisions on load reductions or reduction allocations because they are
only as reliable as the data used in their development.
Modeling will be helpful in understanding the environmental impact of
regulatory decisions.
In pressing for further reductions beyond best
available
technology and edge—of-mixing zone water quality-based effluent
limitations,
it will be essential









the cost of obtaining the reduced
loads.
Improvement
in our understanding of chemical
fate in large lakes will
come
from better knowledge of sediment-water and air—water interactions.
Unfortunately,
to date there has been no systematic
effort to prioritize
testing of Great Lakes contaminants for consistent and accurate
quantification of properties affecting Great Lakes transport and fate
processes.







The current whole-lake models serve as a basis for a scientific
understanding of chemical fate in lakes.
The three models considered in
this report and other similar mass balance models demonstrate the utility
of the parallel modeling approach.
It is advisable that these efforts
continue in order to provide stimulation of ideas, strengthen useful
concepts and check the validity of calculations and assumptions.
A future direction
to improve whole~lake modeling should be based on the
following:
—
Sediment coring throughout the lake to get a more realistic estimate
of the total amount of contaminant in the sediments and the time
dependence of its deposition.
- Experimental determination of current contaminant concentrations in
the water column throughout the lake as a function of season.
—
Experimental or field derivation of all rate constants for important
processes, particularly sediment—water interactions and
volatilization rates.
— Incorporation of lake hydrodynamic processes and seasonal
stratifications in the simplest way consistent with the variability
of environmental parameters throughout the lake.
- A comprehensive, synoptic loading measurement program over a time
period that is short, relative to important model processes. for
those loads that are independent of season.
—
Verification of the model through comparison of predicted and
measured concentrations in water, sediment, air and biota.
- The atmospheric monitoring of air masses, particulate matter, and
hydrometeorites in order to accurately assess the relative
contribution of atmospheric input for a range of organic and
inorganic contaminants.
Management applications of water quality models would benefit by analysis
of the reliability and uncertainty of model projections. Several
probabilistic modeling approachs are available but require information on
model inputs (see recommendation #2).
Because the management applications of modeling were not thoroughly
examined in this exercise, a further workshop (or several workshops)
should be held that would bring experimentalists, managers and scientists
together in a c0nstructive dialog. Such a workshop should be based on
carefully considered and specifically phrased management objectives. It
should begin with c0nsideration of crude models and proceed to more
complex models as the management objectives become more refined and as





The Toronto workshop evaluated the strengths, weaknesses and data gaps of
the models through a panel chaired by Dr. Hallett and made up of:
Dr. Victor J. Bierman, Jr.
Department of Civil Engineering




National Wildlife Research Centre
Environment Canada
Dr. Steven J. Eisenreich
Environmental Engineering Program
University of Minnesota
Each of the panelists summarized their portion of the panel and their views.
STRENGTHS
Dr. Norstrom‘s Comments:
The models were constrained by a set of agreed-upon rules which
considerably narrowed the possible approaches.
For example, the "well-stirred
reactor” or single-compartment approach to the water column did not allow for
the effects of stratification to be included. Moreover, Mackay has admitted
that he did not interpret the rules the same as the other modelers and his
outputs are therefore not directly comparable. All three models were
conceptually very similar because of the constraints although some details
such as the mathematical formulation and ways of modeling uptake by fish were
different. The models were simple to use and adapted to microcomputers which
makes them accessible to non-professional modelers and inexpensive to run.
The strengths of the individual models therefore came largely from the extra
detail that each included.
All of the models predicted that the depth of active sediment for
re-equilibration with water is crucial. To the extent that no important
fundamental process, such as retention in water column by dissolved organic
carbon, was left out, all models pinpointed the sediment as the most-sensitive
determinant in decontamination of the lake.
Questions about accuracy of the models' output cannot be answered since
there are not enough reference data for comparison, and what there are, are
biological, which is the weakest area of the models. Also, the loading factor
data supplied by the modelers did not decrease fast enough in the l970$ which
would certainly affect accuracy. In Table 3 the model predictions for PCBs in










































































































































































































































































































































mode1 wou1d be superior.
Strengths of specific mode1s are as fo11ows:




































































































































































































































Use of fugacity allowed easy understanding of the relative importance of
different processes and simplified the calculations. Rain-out from air, and
inflow and outflow of suspended particulates were additional details in this
model. MacKay's model also separates loading into atmospheric and connecting
channel/tributary loads. Otherwise it was similar in concept to the model of
Rodgers et al., eg., in assuming equilibrium between fish and water.
NEAKNESSES
Dr. Bierman's Comments:
The principal weaknesses in the three modeling efforts were weaknesses in
the data, not weaknesses in the models per se. Models are simply tools for
synthesizing data within an internally consistent mass balance framework.
Lake Ontario has many complex and interacting physical, chemical and
biological components. The available data are extremely limited.
Furthermore, these data have not been acquired in a synoptic fashion, or over
spatial scales that are internally consistent or even appropriate. It is
inevitable that these data weaknesses will be reflected in the modeling
results.
The models themselves were based on a minimum number of a priori
assumptions. All of the models were reasonably parsimonious in terms of
number of state variables, complexity of process mechanisms, and number of
independent coefficients to be determined. Nonetheless, the models were all
underdetermined in the sense that each of them contained more unknowns than
equations. Consequently, there did not exist unique sets of independent
coefficients that produced acceptable calibrations to the available field data.
A major weakness with the models was inadequate horizontal spatial
resolution. Results from all of the models indicated that sediment—water
exchanges were extremely important. Since the depositional zone in Lake
Ontario represents only approximately half of the total lake area, it appears
that sediment-water dynamics in the near—shore zone strongly influence whole
lake dynamics of toxic chemicals. Failure to separate near—shore from
open—water zones in the model has two consequences: first, actual lake
processes are not being adequately represented; and second, there is a lack of
compatibility with regard to spatial scale between model output and most of
the available data. For example, it is difficult to determine the
characteristics of a "lake-wide average" sediment core.
Another major weakness was the wide range of uncertainty in the effective
depth of the active sediment layer. Model results for response times to
changes in external loadings were extremely sensitive to variations in assumed
thickness of the active sediment layers. This was the most significant
difference among the three models. An appropriate value for this parameter
cannot be determined directly from the available data. Results from
independent modeling studies with plutonium and cesium in the Great Lakes were
used as a basis for estimating this parameter in the present modeling
studies. It is not clear that suspended solids dynamics control the vertical
distribution of PCBs in the Great Lakes in the same manner that they appear to
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control distributions of plutonium and cesium. That is, results for plutonium
and cesium may not be directly translatable to PCBs.
Insufficient temporal resolution was a weakness with the models. All of
the models were developed to operate using annual average forcing functions
(i.e., input loadings) and constant model coefficients (i.e., partition
coefficients, sedimentation rates, etc ). Furthermore, all of the models were
based on steady—state balances of suspended solids. Results from the models
indicated that Lake Ontario responds to changes in loadings on a time scale as
short as 0.5 year. This scale is comparable to time scales associated with
seasonal dynamics of nutrients, and phytoplankton and zooplankton production.
To achieve accurate results at this time scale, it may be necessary to model
biological processes that could potentially influence transformation and fate
pathways for toxic chemicals.
There were numerous comments on model weaknesses from workshop
participants that added to the above summary. The points raised include:
o The model of Rodgers et al. had the following weaknesses:
— different Kocs were used for surficial and suspended sediment.
Since there is already a difference incorporated in the model by
using different fractions of organic carbon in calculating de,
there may be an exaggeration of the difference in sorption.
Rodgers noted in response that such differences were observed
empirically and could not be explained solely on the basis of
differences in TOC values and could perhaps be explained by the
presence of elevated levels of dissolved organic carbon in the
sediment layer;
— the degradation rates selected for PCBs in sediment (half life of
700 years) and in water (half life of 70 years) may be too low; and
o The model of Connolly et al. had the following weaknesses:
— there is no provision for separate atmospheric loadings;
— Kow and KOC are assumed to be the same. This is an unproven
assumption and indeed there are published correlations where the
ratio varies between l.6 and 2.l, or even more; and
— water response times of 0.2 — 0.3 years are produced by the model
and these are short relative to both vertical and horizontal mixing
times through the whole lake.
— The model assumes that the whole lake is a sedimentation area and
this is not the case.
0 The model of Mackay had the following weaknesses:
- The model assumes that the whole lake is a sedimentation area and
this is not the case.
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— A high water concentration of 3 ng/L is used, and this may
introduce errors
in amounts transferred to other compartments.
Dr. Efraim Halfon of Environment Canada's Canadian Centre f0r Inland
Waters in Burlington, Ontario, responded to some of the criticisms of the
workshop models by noting that the model he had developed for Lake Ontario
divided the lake up into four basins, considered seasonal changes in inputs
and process rates and accounted for bioturbation of benthic worms with a
seven-layer sediment that assumed pumpingof contaminated particles from the
lowest active layer back to the surface layer. Dr. Halfon's model also
included a food web model that could distinguish between benthic and pelagic
food web contributiOns to the body burdens of top predation fish and gulls.
He indicated that he was able to accurately model the concentrations of the
various chlorinated benzenes in Lake Ontario fish and gulls. He and his
co—author, Dr. Barry Oliver, had concluded that the sediment reservoir makes a
significant contribution to the body burdens in fish and gulls, retarding
system recovery. When the PCB loading scenarios used by the workshop modelers
were plugged into this model, he claimed to be able to accurately model the
concentrations in fish observed between l980 and 1985. Subsequently,
Dr. Halfon submitted a draft paper describing his model and the results for
chlorinated benzene simulations to the Task Force on Chemical Loadings for its
considerations.
0 General comments that apply to all models include:
— a more informative presentation of model capabilities would have
taken the form of probability distributions for PCB concentrations in
water, sediment, and fish that could be compared with modeled
distributions using Monte Carlo techniques, but admittedly would
require more time than was allotted;
— all models assume PCBs are a single compound, yet have provisions for
multiple species or compounds;
— higher spatial resolution is needed in water and sediment and in
differentiating between depositional and non-depositional areas;
- changes in suspended sediment concentration with time are not
included; and
— instantaneous local equilibrium between particles and water is
assumed in all cases. In some cases, it may not be justified,
especially in near-shore depositional zones where particle settling
occurs more rapidly than PCB desorption.
DATA GAPS
Dr. Eisenreich's Comments:
The major weakness with the results from all three models is basically the
lack of a coherent set of detailed measurements on PCBs in Lake Ontario. The
loading function or function shape is determined by a highly uncertain
estimate of loadings for l975 and one sediment core profile. There is a lack
 
 of good historical data for PCB input into Lake Ontario. One must recognize
as well that likely one-half of the PC85 which once resided in Lake Ontario
have now volatilized (which affect the validity of predictions from cores).
On the other hand, production/use data and calculated residence times for PCBs
in the ecosystem.can be used to develop the historical loading function.
Signals of change are evident in the sediment and atmosphere first, with
the biota lagging behind. The documented signals appear to follow
production/use data collected so far. Therefore, accurate
production/use/discharge data for the ecosystem is one key to modeling toxic
chemicals.
The second key is an understanding of the processes that remove the
chemicals from the water column. These processes can remove the chemicals
quickly. In Lake Superior, the half—life of PCBs such as Aroclor l254 is on
the order of l7 to 28 days in the water column during the stratified period.
Until these processes of removal are unravelled, models cannot be used
effectively.
Removal processes are associated in part with the adsorption of PCBs to
small particles which coagulate into larger particles. Large particles which
are high in total organic carbon are good food sources for the fishery. Other
key processes causing removal involve rates of adsorption to particles,
absorption by biota and the rate of turnover of the biomass of the water body.
The overall processes of removal involve takingPCBs down to the bottom of
the lake and moving it up out of the lake and into the atmosphere. The rates
of these processes can be calibrated from fish and sediment data. However, we
must determine how much PCB is really in the lake ecosystem (largely in the
lake—wide sediment burden) in order to understand the mass balance.
For the atmospheric process of removal, the loss term involved the mass
transfer coefficient. So far, wet deposition of PCBs can be measured and
predicted but dry deposition cannot be measured accurately. Models must
address the atmospheric process and therefore, better data are required.
Sedimentation within the lake is a very fast process. The spatial
heterogenicity of sedimentation occurring within the lake must be determined
in order to express sedimentation within the models accurately. Understanding
how sedimentation occurs is a key research need. Although the bottom sediment
reflects the net removal downwards, recycling of sediment—bound contaminants
also occurs. Data are required on sediment concentrations and mobility.
Attempts at measuring recycling rates of contaminants are also required. The
key to understanding the removal processes of the lake ecosystem is to
determine the net removal by sedimentation to the lake bottom and the net
removal by volatilization to the atmosphere.
In summary, large data gaps exist that prevent a systematic assessment of
the health of the ecosystem and a use of models to make future predictions.
So far, we have collected a few measurements which have revealed the processes
which must be unravelled in order to synthesize or model the data in order to
understand and therefore help manage toxic chemicals within lake ecosystems.
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Numerous comments on data gaps arose during the workshop discussion that
supplement the above summary. These included:
0 Synoptic data sets,
sediment core analysis, production and use data, and
sediment resuspension studies are all needed.
0 Much of the water data are from near-shore areas.
There should be an
active program to develop open-lake data that can be considered
representative of the lake as a whole.
0 The Henry's law constant and its temperature variation, the bulk
transfer coefficient, and the resuspension and settling rates are poorly
determined.
0 Atmospheric loading is poorly defined. Better estimates of over—lake





MANAGEMENT IMPLICATIONS OF MODELS
Management implications of the models were discussed by a panel chaired by
Larry Fink of U.S. EPAs Great Lakes National Program Office (GLNPO) in













Great Lakes National Program Office
Chicago, Illinois
Mr. Richardson's Comments:
There has to be communication between the modelers and the managers in
order to define the uses to which the models could reasonably be expected to
be put. Modelers need to do a better job communicating successful model
applications to managers. Decisions have already been made regarding the
regulation of DDT, PCBs, and toxaphene in part on the basis of modeling.
Moreover, the decision to ban DDT was based on a very crude model-—much more
crude than the models discussed at the workshop. For purposes of implementing
the board's strategy, we do not need models any better than those discussed at
the workshop.
By way of illustration, what we need is on the order of $30 billion
dollars to implement zero discharge to the Great Lakes. When the people from
management and budget offices see such requests, their first question is,
since we can't do it all at once, what are the priorities? That is where
modeling comes in. Modeling is needed to help guide the most effective
allocation of limited resources.
Modelers have been talking to modelers, but modelers were not making the
necessary contacts with senior management. With respect to the question on
the cost-effectiveness of modeling, there has been an amazing degree of
progress made in the modeling area over the last five years, despite the lack

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 further exacerbating the problem. I find it somewhat premature to attribute
any net unbalance in the mass-balances to "landfills" or "contaminated
sediments“ when the imprecision in the atmospheric component seems to be of
such a great magnitude. The next two areas of uncertainty seem to be the
tributary and point source loadings estimates. To get reasonable loadings
from these sources may require frequent sampling which will stretch the
monetary and analytical capacity resources to the limit. These may be good
reasons to concentrate on trying to do mass—balances on more limited
geographic areas, like embayments, connecting channels or Areas of Concern,
where the atmospheric component is of relatively less significance and where
the numbers of tributary and point sources are more manageable.
Dr. Hamilton's Comments:
Environmental management decisions are based on both science and
politics. The scientific input to the decision process includes:
0 modeling——which is a method of summarizing the scientific understanding
of a problem in a manner appropriate to the needs of the specific
decision;
0 experimental approaches——which obtain new data pertinent to the decision
through laboratory or field studies;
0 monitoring-—which makes actual measurements on states of the environment
appropriate to the decision; and
o judgement-—which allows the various scientific factors to be weighed and
the bias of individual scientists minimized.
Modeling allows one to examine outcomes of various decision scenarios and,
to the extent that the models are believed by the decision maker, they can
support particular remedial action alternatives. Modelers should look at
other places where unplanned ecosystem contamination experiments are taking
place to test the models. Also, there is a need to go beyond modeling that
just predicts concentrations in different media to modeling that predicts
effects in these media.
Dr. Fisher's Comments:
1. Management needs to feel comfortable about using mathematical models
There is a variable degree of comfort or discomfort when one discusses how
management in general treats modeling and simulation as tools for decision
making or information. Usually the degree of comfort depends on two factors:
the degree of technical background of the manager, and the manager's
organizational level of management. With respect to the latter factor, the
more removed is a manager's level from that of the model builder, the less
comfortable a manager tends to be about models, unless the manager is a
technical individual or has a particular interest in forecasting methods.















































































































































































































































































































































































































































































































































































































































































































































































wants models primarily to
enumerate alternatives and options
explore scenarios (the 'what-if'?)









 and NOT to
a. select the 'best' option
b. dictate strategic efforts
c. defend actions
When models are used in the three 'NOT' situations, there is usually some
kind of major trouble. Models rarely capture the political or social equation
or factor which may more profoundly influence a decision than science. Many
managers do not want to 'delegate' their decision—making authorities to models
and modelers. Managers want the options presented for them to consider
separately.
6. Success stories with models have not been prooerlv told
To achieve increased confidence in models and modelers, there needs to be
a better presentation of their successes. The excesses and failures are
legendary, but successes are often elusive to describe. Here the work of air
pollution and oceanographic groups is far more persuasive than is generally
realized. At the same time, as one notes the relative dollar figures going
into atmospheric and oceanographic modeling, one questions the wisdom of
comparable efforts in freshwater systems. Surely somethingis transferable
from these other cases.
7. Successful models recognize the managerial differences and
operational strategies associated with environmental monitoring
versus environmental modeling
Monitoring is basically a given, and the whats, hows, etc. occur with, but
mostly without the benefit of models and modelers. None of the models
discussed considered the effects of monitoring style or strategy on the data
used for calibration and study. Given the inertia of government systems,
monitoring programs are not likely to change to suit the desires of models and
modelers. Modelers, to be helpful, will need to adapt their models to the
current styles of monitoring.
Comments were received in writing from participants in the workshop on the
management implications of models.
Dr. Bartell of Oak Ridge National Laboratories:
"Models will be used most effectively for management decisions when the
management objectives are precisely stated. If, at the behest of decision




















answers to management questions. It is unreasonable to expect accurate and

























































invalid. Model validity is a moot point.
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 The important question concerns the utility of the models for decision
making. This utility is a function of how accurate and precise the model
results must be in order to make an informed decision. Once the criteria are
defined, we then have a metric whereby the models can be objectively
evaluated. Methods for such evaluation have been developed and applied to
environmental toxicology.
I am continually surprised to hear discussion of simple vs complex
models. This notion is dangerous. Clearly, we desire models that are
adequate to the task at hand. We want them to be no more complex than
necessary (to minimize introductions of errors of commission and
over-determinism); but neither can they be simpler than the task demands
(without risking errors of omission). A priori, it is impossible to predict
which errors introduce more problems in the application of modeling to
scientific problems. In addition, arguing for simple models risks dilution of
the necessary science for the convenience of decision-makers. It is equally
(I would argue) more rational and justifiable to demand proper training and
technical competence as part of the future job description for these
administrative positions.
In the evaluation of models used for decision making, the primary issue is
bias. We must remind ourselves that if the bias is consistent, the model is
still useful for decision making. Only when biases are inconsistent do the
models offer minimal insight for decision making. Consistent bias has been
used to advantage in the field of radiation dosimetry.
When in doubt, these
regulators attempt to err on the conservative side.
Thus, their models may be
biased (incidentally these models have never been ‘validated' and are
conservative, consistent, and thus, useful for credible decision making).
As environmental toxicologists, we tend to be too hard on ourselves.
It's
as if we would not trust a forecast of the probability of rain unless the
meteorologists could show us a model that accurately predicted the dynamics of




the case; we all have threshold probabilities whereby we do or do not grab our
umbrellas on our way out.
This analogy is by no means cavalier; millions of
dollars exchange hands in the commodities market in relation to longterm
weather forecasts.
The meteorologists have assembled a set of models that operate on
different spatial/temporal
scales with various
success rates and have evolved
a system to use this information to make useful forecasts.
An entire
quantitative field (decision making under risk) has emerged from just such
needs.
A similar approach might usefully be taken by the IJC in the arena of
toxic
chemical management
in the Great Lakes.
This refers us back to the need
for formulating precise criteria for management decisions
in order to take
maximum advantage of the power of quantitative methods.
Let‘s determine what
questions we can usefully answer before wringing our hands in the face of
ecological and toxicological complexity.
A suitable translation of the
initial
results of the three models could demonstrate our degree of confidence
that we can answer some long term, lake-wide questions concerning PCB
dynamics."
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Dr. Bidleman of the University of South Carolina:
"Managers and scientists look at these models from different
perspectives.
Managers would like to know how rapidly the lakes are going to
clear themselves_of a toxic chemical, how this clearance rate will be
reflected by a drop in pollutant levels in a commercially valuable resource
such as fish, and what can be done (if anything) to hasten the clearance
rate.
Scientists use models of the type presented at the workshop to identify
the important processes responsible for contamination and clearance.
There is
every hope that a successful model will eventually be accurate enough for
management predictions, but I think we are not at this point yet."
Larry Fink, U.S. EPA GLNPO:
To address the question of whether existing models are good enough to
implement the Board's two—track strategy, GLNPO, with the participation of a
number of other agencies, is piloting a mass balance study of selected
pollutants in Green Bay, Wisconsin. One exercise associated with this study
was to scope out the degrees of accuracy and precisions required for model
output for purposes of establishing load—concentration relationships. The
goal was to estimate a loading that should not be exceeded to protect human
health via fish consumption. The acceptable fish concentrations were to be
calculated using dose—response relationships calibrated from laboratory animal
data. These risk assessment—based levels of concern are considered order of
magnitude estimates. Thus, as a first cut, it was concluded that the model
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The principal objective of this exploratory project is to examine the
feasibility of developing or applying existing mathematical models to describe
the relationship between the loadings of persistent chemicals and the
concentration of these chemicals in environmental compartments. The utility
of such models would be the establishment of target load reductions for toxic
chemicals in the Great Lakes similar to those developed for phosphorus.
Control strategies may also be evaluated for a given load reduction.
Examination of model feasibility will be approached via evaluation of three
models. The LTI TOXICS MODEL is reported herein.
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PCBs in Lake Ontario
The three models being evaluated by the Task Force will be evaluated
with respect to the following capabilities:
o ability‘to accurately relate loading and concentration of PCBs in
Lake Ontario
0 ability to predict responsiveness to load reductions from various
types of sources
0 adaptability of the models to other chemicals in the Great Lakes
Scope
An existing toxics model framework (Rodgers l983) is modified herein to
better reflect the recent state-of—the—science and to enhance its ease of
use. The LTI TOXICS MODEL in this application simulates total PCBs in water,
sediment and fish. Soluble PCBs are also simulated in water and sediment.
Lake Ontario is presently segmented as a single water column underlain by a
sediment layer. This segmentation was a requirement by the Task Force to
facilitate model comparison, but could later be implemented with greater
spatial resolution. Two kinds of sediment (biotic and abiotic) and three fish
groups (small, coho salmon, lake trout) are included in the LTI toxics model
framework.
The model is designed for user—friendly microcomputer application. Model
input is enhanced by interactive menus, mass balance error checking, and aids
to repetitive model inputs. Model output includes a table indicating a
component analysis (sources and losses) and figures of model output over time
and comparisons of multiple model scenarios. The LTI TOXICS MODEL was applied
to evaluate PCBs in Lake Ontario. The model framework is described in more
detail in Section II. Application of the model to Lake Ontario is discussed
in Section III. This discussion includes model calibration based on model
application to Lake Ontario for an historic period starting in 1930 and ending
in l980. Section IV of the report examines Management Applications to Lake
Ontario and a discussion of applications for other chemicals throughout the
Great Lakes.
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 PCBs in Lake Ontario
11-W
Conceptual Description
The mathematical model presented in this manuscript was developed for the
purpose of making long—term dynamic predictions of the transport and fate of
hydrophobic organic compounds in lakes. It is intended primarily as a water
resource management tool; therefore, it does not contain the complexity and
sophistication that a strict "research model" might. Nevertheless, this model
contains a description, based on the best available knowledge, of each major
physico—chemical tranport process for recalcitrant compounds. Because of the
deterministic nature of this model, it can also be used to point out gaps in
our understanding of significant processes as well as gaps in the data
necessary to apply the model to a given system without undo uncertainty.
The overriding precept in the development of fate/transport models for
toxic organic chemicals is that physico—chemical processes dominate the mass
balance of these substances. Another way of stating this axiom is that the
compounds tend to be non-biodegradable and the biotic reservoir tends to
contain a relatively small portion of the total ecosystem mass. That is not
to say that we are not interested in the body burdens of these compounds in
estimating their effects on the aquatic community and human health. It does
mean, however, that the amount of the compound of interest in the fish
compartments can be neglected in making predictions of long-term trends in
water column concentrations and of recovery times of large lakes following the
reduction or elimination of external inputs.
Given the above discussion, the model developed for this study includes a
conceptual framework depicted in Figure 2—1. In this conceptualization there
are two physical compartments, the water column and an active bottom sediment
layer. Transfer between these compartments occurs via diffusion of the
dissolved phase of the organic compound of interest and settling/resuspension
of the particulate phase. The distribution of the compound between its
particulate and dissolved phases is controlled by local equilibrium
partitioning. The compound can enter the system through external inputs ——
tributary, point, and atmospheric deposition sources —— and through air—water
transfer of the vapor phase of the compound. Losses from the system include
hydrologic flushing, sedimentation from the active sediment layer to buried
inactive sediments, volatilization across the air—water interface, and a
first—order loss rate that represents the cumulative effect of such
transformations as biodegradation, hydrolysis and photolysis.
Assumptions
The above conceptual framework has been developed and applied to the
prediction of the long-term fate of PCB's in Lake Ontario. The following
assumptions were made in the development and application of the model for
this problem:
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 Point Sources-—-—-— Wet and Dry Deposition - Air/Water Exchange
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PCBs in Lake Ontario
The water column is modeled as a completely—mixed reactor
with mass transport across its boundaries due to advective
flow in and out, atmospheric deposition, air—water exchange
due to a concentration gradient, and sediment-water
exchange due to settling/resuspension and diffusion;
The bottom sediment is modeled as a single completely—mixed
segment with an active depth of 5 cm (user stipulated).
While the settling of the particulate phase represents a
flux of PCB's across the entire projected sediment area,
the model contains an assumption that any PCB's deposited
on non—depositional areas of the lake are rapidly (by
comparison with long-term fate time scales) eroded and
"focused" into the depositional areas of the lake.
Sediment concentrations, therefore, reflect this focusing,
and sediment—water transport due to diffusion and
resuspension takes place only through the depositional
cross—sectional area of the lake;
A local equilibrium exists between the dissolved and
adsorbed PCB's in the water column and sediments, for the
time step used in the model, and that the equilibrium can
be described by partition coefficients which are a linear
function of the organic carbon content of the particulate
matter;
There are two main fractions of suspended particulates:
biotic and abiotic. The abiotic particulate matter is
primarily allochthonous in origin and low in organic
carbon, while the biotic solids are primarily autochthonous
primary producers and contain a significantly higher
organic carbon content;
Both solids fractions are presently assumed to be at steady
state and, hence, are treated as forcing functions in the
model framework. The model framework provides for seasonal
patterns in solid concentrations to be represented;
The bulk of the PCB's in the lake can be represented as
having the appropriate physical—chemical properties of
Aroclor 1254;
The PCB partition coefficient for the sediment pore water
is one to two orders of magnitude smaller than the water
column partition coefficient based on a lower Koc and
organic carbon content;
The time—variable forcing functions are: tributary load,
point sources, atmospheric deposition (wet and dry), and
atmospheric vapor chemical content;
The concentration of PCB's in the fish community at any
time is given by a bioconcentration factor reflective of




PCBs in Lake Ontario
Mass Balance Equations
Given the above model conceptualization and assumptions, two dynamic mass
balance differential equations can be used to calculate the PCB concentration
in the water column and sediments of a lake as a function of forcing functions
and in—lake processes (Equations l and 7).
These equations, presented below,
represent the total concentrations of PCB in the water column and active
sediment segments.
Distribution between dissolved and particulate phases
(including fish flesh) are determined by equilibrium partitioning as described
below.
The water column mass balance equation is:
Vw dCt/dt = [Loading] Nc(t) - [Outflow] 0 Ct - [Decay) kd Vw Ct
— [Abiotic settling] va/zw ma Cpa — [Biotic Settling] vb/zw mb Cpb
+ [Water/Sediment Diffusion] ksl/2d Ad (C'ds - Cd)
+ [Air/Water Diffusion] Daw(fa—fw)Aw
+ [Resuspension] vr/zw(l—Os)ps Ad Cps (l)
where:
Vw = lake volume (m3)
Ct = total water column PCB conc. (ng/L)
Nc(t) = rate of PCB mass loading (ng/yr)
Q = lake outflow (m3/yr)
kd = loss rate due to biodegradation and photolysis (l/yr )
va = abiotic particulate settling rate (m/yr)
vb = biotic particulate settling rate (m/yr)
zw = mean lake depth (m)
ma = mass of abiotic particulates (ng)
mb = mass of biotic particulates (ng)
Cpa = mass specific conc. of PCB for abiotic particulates (ng/g)
Cpb = mass specific conc. of PCB for biotic particulates (ng/g)
ksl = sediment-water diffusion coefficient (mZ/yr)
zd = thickness of sediment segment (m)
Aw = lake surface area (m2)
Ad = depositional area (m2)
C'ds = sediment pore water PCB conc. (ng/L)
Cd = water column dissolved PCB conc. (ng/L)
Daw = PCB volatilization transfer coefficient (mole/Pa yr)














vr = resuspension velocity (m/yr)
Os = sediment porosity
qs = sediment density ' (g/m3)




C'pa = ma Cpa/Vw = Fa Ct
C'pb = mb Cpb/Vw = Fb Ct
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PCBs in Lake Ontario
where Pa and Pb are the partition coefficients for abiotic and biotic
particulates, respectively. The partition coefficients are equal to the
percent organic carbon (foc) for each particulate times KOC. K0C is a
laboratory measured or empirically derived organic carbon equilibrium
partitioning coefficient; and
where Fa and Fb are the fractions of the PC85 on abiotic and biotic
particulates, respectively, such that:
Fa = (Pa Sa)/(l +Pa Sa + Pb Sb) (2)
Fb = (Pb Sb)/(l + Pa Sa +Pb Sb) (3)
where
Sa = abiotic suspended solids conc. (ng/m3)
Sb = biotic suspended solids conc. (ng/m3)
and
Fd = dissolved fraction
where:
Fd = l/(l + Pa Sa + Pb Sb) (4)
and Cd = Fd Ct 5)
Substituting for the fractions of PCB into equation (1), the final mass
balance for total PCB in the water column can be represented as:
Vw dCt/dt = Nc(t) — 0 Ct — kd Vw Ct — va Aw Fa Ct — vb Aw Fb Ct +
ksl As(Fds Cs -Fd Ct) + Daw(fa —fd Ct/zw)Aw + vr Ad Fa Cs (6)
The corresponding mass balance for PCB in the sediment is:
Vm dCs/dt = [Abiotic Settling] va Aw Faw Ct + [Biotic Settling] vb Aw Fbw Ct
+ [Water/Sediment Diffusion] ksl As (Fd Ct — Fds Cs)
— [Deep Burial] vs As Cs — [Decay] kds Vm Cs
- [Resuspension] vr Ad Fa Cs (7)
where: Vm = volume of the sediment segment (m3)
Cs = total sediment segment PCB conc. (ng/m3)
kds = sediment PCB biodegradation and photolysis coeff. (l/yr)
and where:
Fds = l/(l + Ps C5) = Fraction Dissolved in Sediment Layer (8)
Fps = P5 Cs/(l + Ps Cs) = Fraction Particulate in Sediment (9)
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—- Vapor Transport (Air—Hater)
Air-water vapor transport is mode1ed using a two—fi1m diffusion mode1
(Whitman, 1923), where the f1ux across the air—water interface can be
expressed by:
N = Daw(fw—fa) (10)
where: Daw = mass transport parameter (mo1e/m2Pa yr)
1/Daw = 1/Dw + 1/Da (11)
and
Da = ka la (12)
Dw = kw Zw (13)
where: Zw = 1/H (water co1umn PCB fugacity capacity) (mo1e/m3Pa)
Za = 1/RT (air PCB fugacity capacity) (mo1e/m3Pa)
ka = air transfer coeff. (m/yr)
kw = water transfer coeff. (m/yr)
H = PCB distribution coefficient (Pa m3/mo1e)
R = idea1 gas constant (Pa m3/mo1e 0K)
T = air—water interface temperature (0K)
fa = Ca/Za (fugacity of PCB in the atmosphere) (Pa)
fw = Ct/Zw (fugacity of PCB in the water) (Pa)
Ca = Atmospheric PCB concentration (mo1e/m3)
--Mode1 Input/Output Capabilities
Using the above equations, a computer program was deveioped to test the
mode1. The inputs to the mode1 are separated into four categories: 1)
morphometry; 2) transport and transformation coefficients; 3) physico—chemica1
parameters for the so1ids and PCBs; and 4) temporai inputs such as 1oadings
and f1ow regimes. The program a11ows the mode1 user to interactive1y modify
any or a11 of the inputs and perform either a steady—state or a dynamic
ca1cu1ation of the 1ake's response. The modified inputs may be stored on disk
for 1ater reuse; up to forty mode1 "scenarios" are accessib1e and graphica11y






























































































































































































 PCBs in Lake Ontario
system. Plots may be observed on-screen or sent to a plotter for
time—variable water and sediment concentrations. Annual values for each
process term in the mass-balance equation can also be printed out to a LOTUS
l—2-3 compatible file for further analysis. Finally, the program allows
graphical comparison of scenarios and their results, giving a quick picture of
the effects on water and sediment bulk concentrations to changes in inputs.
Printer copies of the input and simulation screens from the program are
presented in the following section together with typical plotter outputs.
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III. LAKE ONTARIO APPLICATION
This section presents the application of the LTI TOXICS MODEL to Lake
Ontario. It presents some background information and a general description of
Lake Ontario, a derivation of the input data for the model, a full





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































    
PCBs in Lake Ontario
arriving at a calibration data set. In the calibration documentation
described below, reference will be made to instances where these studies have
contributed to or provided justification for a particular coefficient. Tables
3—la and 3—lb present the model inputs as they appear on the microcomputer
screen. These inputs are derived from the calibration process discussed below.
——PCB External Loading
The historical (1930-l980) external loading of PCB's to Lake Ontario via
tributaries and atmospheric deposition has been agreed upon by the toxics
modeling task force and will be common to all three models. These loads were
determined in the following manner.
The load during the mid—70's was estimated (R. Thomas - personal
communication) to be 3750 kg/yr, with 1240 kg/yr in the Niagara River
discharge, l50 kg/yr from other rivers, 2300 kg/yr in atmospheric deposition,
and 60 kg/yr from dredging activities. These estimates are based on a
sediment budget presented in Kemp and Harper (l976). Historical loadings
relative to this figure were then inferred by examination of a sediment core
collected near the mouth of the Niagara River in l98l and analyzed by Durham
and Oliver (l983). The dated PCB depth profile for this core is shown in
Figure 3-2; the assumption was made that the core reflected PCB historical
loading from the Niagara River which in turn closely reflected historical
loads from all sources. This assumption is probably most valid when the
largest loads were entering the lake.
Note the relatively flat trend through the l970's, with the exception of a
single 1 cm slice which for lack of corroborating data is being treated as an
anomaly. Therefore, the loads of the 19705 were set to the estimated load by
Thomas of 3750 kg/yr. All other loads are proportioned to this value
according to the trends in the sediment core. The peak in loading appears to
be in the early 1960's, which is about ten years prior to the peak in sales in



































































= 10 (Year - l940)/30 l944-l970




Model Inputs for Calibration
 
Lake Morphometry
    
  











































































E: va, Abiotic settling velocity; m/year 500.402309
g vb, Biotic settling velocity; m/year ll0
g vr, Resuspension velocity; m/year 0.000l38














g kd, Photolysis and biodegradation; l/year 0.0l
E kds, Photolysis and biodegradation (sed); l/year 0.00l
i








Mu, Molecular weight of PCB; ng/mole 3.000E+Oll
koc, PCB organic carbon part coeff (water); leg 1500000
kocs, PCB organic carbon part coeff (sediment); L/kg 150000
Solids Characteristics
C_s, Solids concentration in sediment; g/m‘3 360000
foca, Organic carbon fraction in abiotic solids (water) 0.04
focb, Organic carbon fraction in biotic solids (Hater) 0.35
focs, Organic carbon fraction in solids (sediment) 0.04
Pi_a, Calculated abiotic partition coefficient .(water) 60000
Pi_b, Calculated biotic partition coefficient (Hater) 525000
Pi_as, Calculated bon fraction in biotic solids (water) 0.35
Pi_bs, Calculated biotic partition coefficient (sediment) 0.04
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PCBs in Lake Ontario
These estimates are for total atmospheric PCB's; the vapor phase
concentrations are assumed to be 80% of the totals.
It is these vapor phase
concentrations which determine, in conjunction with the dissolved phase water
column levels, the gradient in concentration that drives the air-water
transfer of PCB via a two-layer diffusion mechanism.
It should be noted that the atmospheric PCB levels peak in l973, while the
tributary
loads,




where the sediment core dating approach has been used
have revealed
peak loads in the late 60's and early 70's.
Since no fish PCB data for Lake
Ontario exist
prior to 1970,
it is impossible to resolve this
apparent
inconsistency using fish data, although
the fish flesh
levels do appear to be
decreasing through the late 70's.
This discrepancy in loading trends could
only be resolved with better and more complete historical data on this system.
—- Solids Mass Balance
Another significant component of any hydrophobic organic compound fate and
transport model is the level of particulate matter in the system.
This is
true since these organics tend to partition quite strongly onto the solid
matter in the system, thus altering their transport and transformation
characteristics considerably.
Furthermore, experimental studies at Clarkson
University have demonstrated that the extent of partitioning
is dependent not
only on the hydrophobicity of the organic compound
in question but on the type
of solid sorbent in the system (DePinto, et al., 1986; McCann, l986).
These
studies show that the primary characteristic of the solid type in governing
the degree of partitioning was the organic content of the solid.
For example,
hexachlorobenzene exhibited
partition coefficients about an order of magnitude
higher in suspensions of Cyclotella
(235% carbon)
than in suspensions of
Raisin River bottom sediments (l—5% carbon).
Furthermore,
in bioavailability
experiments algae maintained in contact with sediment—bound hexachlorobiphenyl
demonstrated a significant
uptake from the sediment phase.
This exchange of
material, which has major implications relative to organic transport and
bioaccumulation,
is attributed to the preferential
sorption of nonpolar
organics to higher organic carbon particulate matter and,
in particular,
to
the lipophilicity of the HCBP.




primarily low organic carbon allochthonous
solids and biotic solids which are and high in organic carbon and are of
autochthonous origin.
In addition to differences
in partitioning the two
solid types also have very different settling characteristics primarily due to














suspended solids as a steady—state forcing













































































sediment is assumed to be uniform in character and to have the same organic
carbon
level
as the abiotic water column
solids.
The mass balance equations
for these three compartments and the assumptions necessary to parameterize the
solids dynamics are presented below.





ca Aw + Vr
Cs
Vw dCb /dt = Nb — Qbe
— Vb Cb AW
(13)
Vs
= Va ca Aw + Vb
Aw — Vr CS
- V5 C5
where N's are source terms, C's are concentrations, A's are surface areas, and
v's are mass transfer velocities. The subscripts a, b, s, r, w, and d refer
to abiotic solids, biotic solids, sediment or sedimentation, resuspension,
water column, and depositional zone, respectively. All three solids
compartments are assumed, by agreement among the modelers involved, to be at
steady—state; this permits setting the left-hand side of the equations to zero
and solving them algebraically.
Even if the concentrations in the three compartments are known, there are
still four transfer velocities and only three independent equations. To
complicate matters even more, Thomann and Di Toro (1983) document the paucity
of suspended solids data for Lake Ontario. We have used some of the findings
of Thomann and Di Toro (1983) in addition to those of Kemp and Harper (1976)
and the recent data of Rosa (1985) to arrive at a set of solids concentrations
and velocities that are consistent with the above equations and appear to be
reasonable for a steady—state solids situation in Lake Ontario. A description
of the solid mass balance follows.
First, a biotic solids mass balance was derived by noting that given a
biotic solids level (Cb) and a net water column primary productivity value
(Nb), equation (13) can be solved for the steady-state biotic solids
settling rate (vb). The annual average net solids production due to primary
productivity was determined to be 3.5 x 1011 gm/yr, based on the Lake
Ontario phytoplankton modeling work of Thomann, et a1. (1975). The data shown
by Dobson (1984) suggest that a reasonable chlorophyll a level in the top 40
meters of Lake Ontario is 3 pg/l. Using a phytoplankton carbon to
chlorophyll a mass ratio of 50 and a carbon to dry weight ratio of 0.35
(Bierman, 1980) and correcting for the fraction of the whole lake volume in
the upper 40 meters (0.4), a phytoplankton dry weight concentration of 0.17
mg/l is calculated. This value compares favorably with the organic suspended
matter measurements of Rosa (l985). Approximate steady—state biotic solids
value of 0.15 mg/l was chosen which resulted in a calculated biotic settling


















































































 PCBs in Lake Ontario
gives an abiotic fraction of the total suspended matter of 0.77, which is very
close to the range of ratios for inorganic/total trapped matter measured by
Rosa (1986). An active sediment solids concentration of 3.6 x 105
g/m3 was calculated from the porosity data supplied by Connolly (personal
communication, 1986). Given these concentration values, equations (12) and

















sedimentation velocity. Connolly (1986) suggested a lake—wide average of 2.66
z 0.49 mm/yr. Kemp and Harper (1976) determined a range of sedimentation
rates between 0.3 and 2.2 mm/yr for depositional areas of Lake Ontario. If a
water column settling velocity for abiotic solids of 500 m/yr is estimated
(Rosa (1985) determined a value of 440 m/yr for inorganic matter), the
combination of equations (12) and (14) yields a resuspension rate of 1.38 x
10—4 m/yr and a sedimentation rate of 1.25 x 10‘3 m/yr. These values
are evident in Figure 3.1a and represent the mass transfer coefficients that
account for a solids mass balance in Lake Ontario and fairly represent the
information presently analyzed.
-—Toxics Model Calibration
Given the above loading estimates and solids dynamics, the calibration of
our model to the historical response observed in Lake Ontario involves
selection of solids—dissolved phase partition coefficients, air—water mass
transfer rates and water-fish distribution coefficients. The partitioning of
PCB to suspended solids has been based on use of a single K0C for the water
column and another value for the sediment layer that would determine the
partition coefficient for the biotic and abiotic solids on the basis of their
fraction organic carbon (fQC). Recall that the partition coefficient is
equal to the percent organic carbon content times Koc. Values of K0C for
nonpolar organics may be estimated from empirical correlations with
octanol—water coefficients (Kow) (Karichoff, et al., 1979; Swarzenbach and
Nestall, 1981). These regressions yield log K0C values for PCB congeners
that range from about 4.5 to 7.0, depending on which equation is used and
especially on the degree of chlorination in the congener from which the Kow
is obtained. Based on simultaneous measurements of partitioning, Kd, and
fraction organic, fo for Lake Superior water samples, Baker, et al. (1986)
observed a range of log K0C from 5.28 to 5.88 for 28 congeners ranging from
trichloro— to hexachloro— compounds. The calibration log K0C value of 6.17
used in this model application for water column partitioning is slightly
higher than the observations of Baker, but is within the range of empirical
correlations.
An order of magnitude lower value of log KOC (5.17) was used for bottom
sediments. While much laboratory data suggest that K0C is inversely
proportional to the solid-solution ratio, we feel that the best justification
for this difference from the water column partitioning is the presence of
higher DOC levels and colloidal matter in sediment pore water effectively
reduces PCB partitioning to benthic particulate matter. Several authors
(e.g., Voice, et al., 1983; Gschwend and Wu, 1985; Hassett and Milicic, 1985;
and Landrum, et al., 1987) have demonstrated significant nonpolar organic
partitioning to DOC or colloidal matter.
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Based on the data supplied by Connolly
(1986), a value of 0.04 has been
selected as the organic carbon fraction for the suspended abiotic solids and
for the bottom sediment solids. The data collected by Bierman (1980) on
phytoplankton carbon led to the use of 0.35 as the carbon fraction of the
biotic solids; this approach will result in approximately an order of
magnitude increase in the biotic partition coefficient relative to the abiotic
zagggi These results are consistent with the observations of DePinto et a1.
After application of the above foc corrections to our selected KOC,
the water column log Kp value of 4.77 was obtained. This value is certainly
within the range of field measurements in the Great Lakes (Rice, et al., 1982;
Richardson, et al., 1983; and Baker, et al., 1986). It is also consistent
with values used in previous PCB modeling efforts in Great Lakes systems (log
K0C = 5.0 by Thomann and Di Toro (1983), = 5.7 by Rodgers and Swain (1983),
and < 5.0 by Richardson, et a1. (1983)).
The air—water mass transfer (Ka) coefficients are derived from
literature values and observations during model calibration. The air transfer
coefficient of 158000 m/yr reflect values reported by Mackay (1979) in ES&T.
This parameter is not very impactful to the model simulation and therefore
does not warrant greater refinement. However, the water transfer coefficient
(Kw) is an important parameter which warranted some calibration based on
observations of model output compared to system data. This parameter has been
measured in the laboratory as high as 1000 m/year or more. Yet, lower values
have also been measured. These laboratory measurements do not necessarily
accurately simulate the many influencing parameters operable under field
conditions. Model examination for Lake Ontario and elsewhere indicates that
Kw must be less than 500 m/yr. The calibrated value of 200 m/yr permitted
the best model fit to data in the water column and in the sediment layer.
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Figure 3-3
Historic Simulation Based on Calibration Inputs.
Top Figure is Hater and Sediment Concentration
(Surficial Sediment Data Indicated).
Bottom Figure is a Component Analysis of Gains


























Ct (ng/L) Cs (nglg)










































      



































































































































































    
 








   

















































A Lek. Trout x Coho Salmon V Small ﬁsh
Figure 3-4

























Compared to Calibration Values

































































































































































































































































































































































































 PCBs in Lake Ontario
Since this calibration resulted in a Kw of 200 m/yr instead of the value of
87.6 mg/yr suggested by Mackay and used by other project participants, [sic] a
specific sen51tivity analysis on the historic simulation was conducted to
examine the relative impact of these two values. However, it should be noted



























































This figure also presents for comparison a range in means for PCBs in the









































































































































































































































































































































































































































































































































































































































































































































































































































Model Calibration in Section III focused on simulating the historic data
in Lake Ontario within the scientific constraints of our knowledge of each
model process. The lack of historic data having ample temporal and spatial
coverage precluded full determination of model requirements. However, given
the data paucity and the exploratory nature of this investigation the LTI
TOXICS MODEL performed well in its prediction of recent observations of water,
sediment and fish. The model can now be applied to various management
applications. These applications are principally focused on assessing load
reduction scenarios.
Six such load reduction scenarios were agreed upon by the separate
modeling efforts, along with three scenarios for distribution analysis. These
nine scenarios are set forth in Table 4—1. Other management scenarios
consisting of more complex approaches or model applications designed to more
closely examine cause and effect phenomenon are also possible with the LTI
TOXICS MODEL.
Load Reduction Scenarios
The first five load reduction scenarios report expected steady-state
concentrations in Lake Ontario fish. In addition, 50% response times were
determined for scenarios l and 2 by single—stepping through the dynamic
simulation and noting the month and year at which the 50% response was
achieved. Initial bulk concentrations for the dynamic simulation were taken
to be 1.42 ng/L in the water column and ll4 ng/g in the sediment; these were
the January l980 results from the historical calibration. a
Table 4-2 presents the results of load reduction scenarios (Runs l-6). As
noted in the sensitivity analysis, the water column is highly responsive to
changes in loading due to short hydraulic retention time and limited
water-sediment interaction, while the sediment concentrations lag well























































































































































































































































































































































Reduce a11 1oads to zero
Reduce tota1 1oad by 1/2
Reduce atmospheric 1oads to zero
and 1/2 (wet and dry
deposition)
Reduce tributary 1oads to zero
and 1/2
Reduce air concentration by 1/2
Reduce future 1oads based on 1st
order 1oad reduction (k = -O.57)
Examine mode1 predictions with
water concentration beginning at
1 ng/1
Examine mode1 prediction with
sediment concentration beginning
at 100 ng/g
Examine mode1 predictions with










in fish at Steady—State
in fish at Steady-State
in fish at Steady—State
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PCBs in Lake Ontario
The final load reduction scenario assumed a continued exponential
reduction in all loading levels. This is in contrast to the instantaneous
reduction found in scenarios l through 5, and the effects are sharply
different. _Figure 4-l presents a graphical presentation of this continued
load reduction scenario. Table 4-3 facilitates a comparison of model
predictions by presenting the PCB concentrations for water, sediment, and
three fish types. Although the total load applied to the system is
approximately two—thirds that applied in scenario 2 (an overall 50%
reduction), the PCB levels in biota are nearly an order of magnitude lower at
the end of the 50 year simulation period. Again, the quick response of the
water column ensures that water PCB levels closely follow the external
loadings; with exponential reduction, the loads at the end of the dynamic
simulation are less than 10% of the 1980 loads. By the year 2000 the water
column is predicted to be approximately 0.5 ng/l, which, according to the fish
model, would mean that the FDA consumption limit of 2 ppm would be met for all
fish examined.
Distribution and Fate
The three remaining scenarios examine the fate of PCBs in the water
column, sediment, and air. Because of the large influence of air-water vapor
transfer, the existing model quickly approached steady-state concentrations
for Scenarios 7 and 8, with inputs from the atmosphere quickly masking the
movement of the initial water column and sediment masses. For this reason,
the model was modified to track only the masses corresponding to the given
initial concentrations in water and sediment respectively through 50 years of
dynamic simulation. The resulting data was plotted to show the partitioning
of the mass between water, sediment, atmosphere, and losses (outflow, decay,
and deep burial). An additional difficulty in Scenario 9 was the
(effectively) infinite mass of atmospheric PCBs; the total mass followed was
chosen to be the sum of the final masses in water, sediment, and losses.
Results for these simulations are shown in Figures 4.2a, 4.2b, and 4.2c
for Scenarios 7, 8, and 9, respectively.
Note that in Scenario 7 (Fig. 4.2a)
where the initial mass is in the water column, that the PC85 rapidly leaves
the water column (solid line). The principal loss is atmospheric diffusion.
Note that the sediment build up (dash line) is during the initial years
followed by a gradual depletion to deep burial. In Figure 4.2b, Secario 8,
the water column quickly responds to the initial mass in the sediments, after
which PCBs in both the water and sediment gradually is depleted in concert.
Sediment resuspension is the prominent source to the water column, while
atmospheric and decay represent noted losses. Scenario 9, where the
atmosphere in held at a constant value of lo ng/m3, the water column
quickly comes to an effective equilibrium condition. Whereas, the sediments
require nearly 50 years to approach a final equilibrium condition.
Figure 4—3 summarizes the expected mass distributions for Scenarios 7, 8,
and 9. Note that mass originating in the water stands a good chance of ending
up in the atmosphere. Sediment PCBs principally remain there and eventually
becomes buried. The rapid equilibrium condition at constant conditions



































































































































System Response for Scenario 6





Tab1e 4—3 SIMULATED CONCENTRATIONS FOR SCENARIO E (Exponent1a1 reduction of 1oads)
     
Hater PCB Sediment PCB Sma11 fish Coho Salmon Lake Trout
Year (ng/L) (pg/g) (pg/g) (pg/g) (pg/g)
1980 1.420 0.1130 1.42 2.84 5.68
1981 1.395 0.1129 1.39 2.79 5.58
1982 1.323 0.1126 1.32 2.65 5.29
1983 1.251 0.1122 1.25 2.50 5.01
1984 1.183 0.1117 1.16 2.37 4.73
1985 1.118 0.1110 1.12 2.24 4.47
1986 1.057 0.1102 1.08 2.11 4.23
1987 0.999 0.1093 1.00 2.00 4.00
1988 0.945 0.1083 0.94 1.89 3.78
1989 0.893 0.1072 0.89 1.79 3.57
1990 0.845 0.1060 0.84 1.69 3.38
1991 0.798 0.1048 0.80 1.60 3.19
1992 0.755 0.1035 0.75 1.51 3.02
1993 0.714 0.1022 0.71 1.43 2.85
1994 0.675 0.1008 0.67 1.35 2.70
1995 0.638 0.0993 0.64 1.28 2.55
1996 0.603 0.0979 0.60 1.21 2.41
1997 0.571 0.0963 0.57 1.14 2.28
1998 0.540 0.0948 0.54 1.08 2.16
1999 0.510 0.0933 0.51 1.02 2.04
2000 0.482 0.0917 0.48 0.96 1.93
2001 0.456 0.0901 0.46 0.91 1.83
2002 0.432 0.0885 0.43 0.86 1.73
2003 0.408 0.0869 0.41 0.82 1.63
2004 0.386 0.0853 0.39 0.77 1.54
2005 0.365 0.0837 0.37 0.73 1.46
2006 0.345 0.0821 0.35 0.69 1.38
2007 0.327 0.0804 0.33 0.65 1.31
2008 0.309 0.0788 0.31 0.62 1.24
2009 0.292 0.0773 0.29 0.58 1.17
2010 0.277 0.0757 0.28 0.55 1.11
2011 0.262 0.0741 0.26 0.52 1.05
2012 0.248 0.0726 0.25 0.50 0.99
2013 0.234 0.0710 0.23 0.47 0.94
2014 0.222 0.0695 0.22 0.44 0.89
2015 0.210 0.0680 0.21 0.42 0.84
2016 0.198 0.0665 0.20 0.40 0.79
2017 0.188 0.0650 0.19 0.38 0.75
2018 0.178 0.0636 0.18 0.36 0.71
2019 0.168 0.0621 0.17 0.34 0.67
2020 0.159 0.0607 0.16 0.32 0.64
2021 0.151 0.0593 0.15 0.30 0.60
2022 0.143 0.0580 0.14 0.29 0.57
2023 0.135 0.0566 0.14 0.27 0.54
2024 0.128 0.0553 0.13 0.26 0.51
2025 0.121 0.0540 0.12 0.24 0.48
2026 0.114 0.0527 0.11 0.23 0.46
2027 0.108 0.0514 0.11 0.22 0.43
2028 0.103 0.0502 0.10 0.21 0.41
2029 0.097 0.0490 0.10 0.19 0.39
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Figure 4~3z Distribution of PCBs




PCBs in Lake Ontario
A final analysis was conducted to analyze the effect of the stipulated
active sediment depth on model performance. Scenario 8 was examined under two
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Figure 4-4
Sensitivity of Scenario 8
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Q. Management Question (Commentary).





















































































































































































































































































































































































































































































































































































































































































































































































































































Toxic Models in Management
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— Examine steady—state and time—variable response to load reductions
originating from different sources (i e. tributaries, sediments, air).
— Component Analysis of projected concentrations to identify relative
contribution of loads and losses.
— Model analysis will permit testing of remedial alternatives without
implementation.
What relative significance do various limnological factors (physical,
chemical, biological) have in determining the concentration of toxics in
environmental compartments? The magnitude of influence and temporal
changes (seasonal, yearly) are both important aspects. This question
examines the relationship between eutrophication and toxics management.
— Examine toxic response to various solids regimes representing
alternative eutrophication control measures (eg. NPS).
— Nomographs which indicate the sensitivity of the load/response
relationship to influencing factors.
— Stochastic or Probabilistic modeling to examine the impact of
variable or uncertain environmental factors.
How can models provide information to guide research and surveillance
programs so as to most effectively meet objectives?
- Model development and application will identify most critical data or
process information.
— Sensitivity analysis will objectively determine dominant processes or
parameters worthy of investigation.
— Model iteration “gaming? to bound the plausible range of uncertain or
incomplete information.
— Models can test hypotheses and support the scientific method.
How can models indicate the reliability or uncertainity of our response
expectations? Environmental systems and conditions are not constants,
therefore, what impact does naturally occurring variability (flow,
weather, loading, chemistry, etc.) have on our expectations (i e.
program success)?
- Monte Carlo and other probabilistic approaches will define response
by per cent probability and let management know what influences the
defined uncertainty.
— Modified Monte Carlo Analysis can better determine the uncertainty in
model inputs and reduce the uncertainty in model outputs.
- Monte Carlo Analysis can determine the decrease in uncertainty
expected in the results based on:
0 Better field data (alternative plan)
- Better laboratory measurements of model parameters.
- Influence of alternative process representations on model
uncertainty.
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CONCLUSIONS AND RECOMMENDATIONS
The use of models is a viable approach for understanding toxic fate and
response issues. Without the use of models only parts of the problem
can be understood. The bigger picture of system response requires the
integration that a model offers. The viability of the approach is
supported by these observations:
A. Model applications have been used effectively to make decisions and
to defend deCiSions within our present regulatory and legal system
(Conventional and Toxic examples).
B. Acceptable performance of a model can be demonstrated in a relatively
short time period similar to other regulatory activities (eg.
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TIME TO REACH MANAGEMENT CRITERIA
LOADING SCENARIO
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Using the available information to establish PCB loading and
parameter value ranges, the model was able to reasonably reproduce the
observed PCB concentrations in the water, bed (bottom sediments) and fish of
Lake Ontario.
2) .The projections and sensitivity analysis indicate that the water
column will respond to loading changes in two stages. An initial rapid change
with half—life of less than l year is followed by a long-term response with
half—life of approximately l2 years. The bed responds at the long—term rate
exhibited in the water column.
3) The rapid response of the water column reflects relatively rapid flux
rates of volatilization and net sedimentation. The slow response of the
sediment reflects the slow movement of chemical through the bed.
4) The response of the biota to loading changes is dependent on trophic
position. The middle level consumer fish represented by alewife respond
rapidly to loading changes. The PCB half-life in these fish is approximately
l year. The top predator, lake trout, responds much more slowly with a







































































































































































The results of this study indicate that the model is sensitive to several
parameters whose values are not well Known. These include the depth of the
active sediment layer and the solids transport at the sediment—water
interface. Of these, the depth of the sediment layer appears to have the most
effect on the rate of PCB decline predicted by the model.
It is recommended that synoptic data sets be collected to better estimate
the depth of the well-mixed sediment layer in the lake. These data sets
should cover areas of high and low sedimentation and high and low biological
activity.
Improved estimates of the rates of sedimentation and resuspension are also
required. Again, this necessitates a sampling and data analysis effort.
Because of the uncertainty of the PCB loading to the lake and the
atmospheric PCB concentration it is recommended that improved loading
estimates be obtained. This is particularly important for the most recent
past since the results of this work and the data presented at the Toronto
workshop indicate that in—lake concentrations are declining.
It is recommended that the recent PCB data reported by Oliver and Niimi be
used to refine the food chain calibration. Additional data collection should
be made to supplement these data and to document the apparent PCB decline













management of water quality issues in the Great Lakes.
However, its use in
the regulatory decision—making process has been hampered by an inability to
assess the validity and consistency of individual modeling efforts.
The most
useful evaluation of any modeling effort is the "post audit”, in which water
quality changes projected by the model are compared to the changes that did
occur, i.e., did what the model said would happen, happen? An excellent
example of this type of evaluation is the ten year post audit of the DiToro
and Connolly (l980) Lake Erie eutrophication model (DiToro, et al., l987).
Unfortuately, no analogous evaluations have been performed for toxic chemical
models. These models have not undergone the same level of application as
eutrophication models and the existing data base is not sufficient to permit
the extensive calibration—validation included in the development of those
models.
As an alternative evaluation of toxic chemical models the IJC, in
association with other agencies, has funded a comparative modeling study.
Three groups have independently developed models of the fate of PCBs in the
water column, sediment and biota of Lake Ontario and projected the response
of the lake to specified changes in PCB loading. The groups involved include
Don Mackay (Univ. of Toronto), Paul Rogers (Limnotech) and ourselves. The
results obtained by the groups are to be presented and compared at a
peer-reviewed meeting to be held at the University of Toronto on February
l8—l9, l987. The purpose of the comparison is to:
l) provide an understanding of the model formulations.
2) assess the level of consistency between the models.
3) evaluate the utility of the results with regard to the
decision-making process.







































































































































































































The processes that determine the fate of a toxic chemical in any surface
water system may be divided into two classes; transport and transfer and
reaction. Transport is the physical movement of the chemical caused by the




















and dispersion characteristics of the system and the settling velocity and
resuspension rate of the solids in the system. Transfer and reaction includes
the movement of the chemical between the air, water and solid phases of the
system and the transformation or degradation of the chemical. It is defined
by the processes of volatilization, adsorption, ionization, hydrolysis,
photolysis and biodegradation. The modeling framework NASTOX defines these
processes in equations developed using the principle of mass conservation.
The general expression for the mass balance equation about a specified volume,
V1, is:
dc.
vi El = w +§Rij(Cj-C1)+§jScj‘§0ijci — KLAi(ci—ca) — chivi (l)
in which c1 = concentration of the chemical in volume i
jS = flow from volume j to volume i
Rij = exchanges between i and j
N = inputs
KL = volatilization rate through area A1 with atmospheric
concentration ca
K = reaction rate
The water column and sediment chemical concentrations computed by equation
(1) define the exposure regime for the biota. The accumulation of chemical by
the biota may be described by the following equation:
dv. K n . i
where K; = K1 + (dwi/dt)/w
Ki = excretion rate of organism i (day—1)
wi = weight of organism i(g)
t = time(day)
KU1 = uptake rate of organism i (L day—1g_])
aij = chemical assimilation efficiency of organism i on organism j
Cij = consumption rate of organism i on organism j[g(prey)g_]
(pred.)d—1]













(or age classes) preyed on by
organism i
The first term of equation (2) represents the direct uptake of chemical by the
organism from the water. The second term represents the flux of chemical into
the organism through feeding. The third term is the loss of chemical due to
desorption and excretion from body tissue at a rate Ki plus the change in
concentration due to growth of the individual. The values of the coefficients
depend on the bioenergetics of the species and the physical and chemical
characteristics of the chemical. Equation (2) is applied to each age class of
those animals used to define the food chain. Age classes reflect the birth
frequency of the animal and are typically one year. The animals used to
define the food chain are chosen to represent the major trophic levels present







APPLICATION TO PCBs IN LAKE ONTARIO
Physico—Chemical Component
Previous toxic chemical modeling studies (Thomann and Di Toro, l984;
Robbins, 1985) have shown that lake—wide average water quality responses in
Lake Ontario can be adequately described by the simple definition of the Lake
as a single completely-mixed water column overlying a vertically segmented
sediment. Therefore, a four segment model was developed representing the
water column and three sediment layers. The characteristics of these segments
are shown in Table l. A schematic diagram showing the segments and the
processes included in the model is presented in Figure l.
Transport in this simplified spatial structure includes inflow and outflow
rates, a water column solids loss rate due to settling, resuspension and
sedimentation rates and an interstitial water diffusion rate. The average
inflow rate to Lake Ontario is 6740 m3/s.
For PCBs as an entity, the only significant transfer and reaction
processes are volatilization and adsorption. Within NASTOX volatilization is
described in conventional fashion as the difference between the water and air
PCB concentrations multiplied by a rate constant:
K
<___ .L
= H (C — Ca RT/H) (3)
d
in which
KL = volatilization rate constant (p/d)
H = water depth (m)
Cd = dissolved PCB concentration (pg/Q)
C = atmospheric PCB concentration (pg/Q)
H = Henry's Constant ( Pa m3)
mol
R = gas constant (Pa m3 )
mol °K
T temperature (°K)
The rate constant may be directly inputted to the model or it may be
internally calculated using one of several formulations.
Adsorption to particulate material and dissolved organic carbon may be
considered. It is assumed to be an equilibrium process described by linear
partitioning. The partition coefficient, w , is calculated using the










Seqment (106km3) (m) (szy
1 (Water column) l.68xlO6 86.00 19,500
2 (Top sediment layer) 3.90xlO6 0.02 l9,500
3 (Middle sediment layer) 3.90xl06 0.02 19,500





   
 
  
   





































































vx = ratio of adsorption rate to particle induced desorption
rate
foc= fraction organic carbon of the solids
Koc: organic carbon partition coefficient (Q/kg)
m = solids concentration (kg/Q)
Koc is related to the octanol—water partition coefficient (Kow) of the
chemical. Di Toro found Koc to be approximately equal to Kow. This one to
one correspondence is used in this work.
Food Chain Component
A top predator of interest in Lake Ontario is the lake trout. This
species has significant commercial value and is also one of the most


















































































































































































































































































































































































































































































































































































































































































































estimate because very few reliable measurements are available.
In their 1983
study Thomann and Di Toro estimated a suspended solids concentration of 0.5
mg/l.
Because no data were available subsequent to their study a suspended
solids concentration of 0.5 mg/l was used for the present analysis.
The solids concentration in the bed was estimated from porosity data
assuming a solids density of 2.4 g/ml, typical for solids of this type.
Porosity measurements were provided by Aleena Mudroch (personal communication,
1986). Porosity was measured as a function of depth for four stations spread
throughout the lake. A plot of porosity as a function of depth for the four
stations is presented in Figure 2. The porosity declines rapidly between the
surface and an 8cm depth. For modeling purposes this 8cm section was divided
into three sediment layers of 2cm, 2cm and 4cm moving from the surface
downward. The average porosity and the range in values for each layer are
presented in Table 3. The mean porosity is greatest at the surface with a
value of 88.7% and declines to 78.9% for the bottom layer. The solids
concentrations in the sediment layers that result from these porosities are
presented in Table 4. The solids concentrations range from 260,000 mg/l at
the surface to 500,000 mg/l in the bottom layer.
A characteristic of the solids important in toxics modeling is the
fraction organic carbon. The percent organic carbon as a function of depth
was obtained from two sources. A summary of the data with the appropriate


















































































































































































































































































































































































































































































































































































































































































































































































DEPTHS FROM 4 STATIONS
 
POROSITY (1) MEAN, MAXIMUM, MINIMUM FOR 2 cm, 4 cm and 8 cm
















2-4 83.7 86.5 82.0





























































































TABLE 5. DATA USED FOR AVERAGE ORGANIC CARBON (1) AT DEPTHS
2 cm, 4 cm, AND 8 cm
Denth(cm) Orqanic C(Z) Basin Reference




























































































































































































































































































SEDIMENTATION RATES OF THE CENTRAL BASIN
LAKE ONTARIO












































































































































TABLE 6. ORGANIC CARBON (1) AT DEPTHS 2cm,
 




















































   
- 122 —
 
 The sedimentation rate for a solids flux of 224 g/mz/yr results in a
sedimentation rate of 0.86 mm/yr for the first sediment layer which is
substatially less than the sedimentation rate of 2.66 mm/yr derived from the
data. The sedimentation rate decreases with depth to 0.45 mm/yr for the
bottom sediment layer.
To maintain constant solids concentrations in the water column and bed
the net flux due to settling and resuspension must equal the sedimentation
flux. If the resuspension flux is fixed at the rate of T97 g/m2/yr,
reported by Robbins (T985), the required settling flux is 421 g/mZ/yr. At
the suspended solids concentration of 0.5 mg/l and the cross—sectional area of
$9,485 km2 this is equivalent to a settling velocity of 2.3T m/day (Table
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































        
TABLE 7. BASIN SEDIMENTATION RATES (mm/yr), MEDIAN,
90%, 10% AND MEAN
Basin Median 10% 90% Mean Std. dev.
Western 2.4 1.2 5.3 2.81 1.18
Centra1 2.0 0.9 4.1 2.12 0.98
Eastern 3.0 2.0 4.3 3.06 0.82
Lake—Wide Avg. 2.66 0.49
TABLE 8. SOLIDS TRANSPORT
F1ux §QLm2/ynl, Ve10citv
Sett1ing 421 2.31 m/day
Resuspension 197 0.76 mm/yr
Sedimentation:
Top sediment Tayer 224 0.86 mm/yr
Midd1e sediment 1ayer 224 0.59 mm/yr





































1972 60.0 Who1e Take average 13
1980 5.0 Shore, Toronto 11
1980 2.0 Shore, Toronto 11
1980 3.0 Shore, Toronto 11
1980 3.0 Shore, Toronto 11
1980 2.0 Shore, Toronto 11
1981 2.14 East, St. Lawrence 9
1981 0.43 Offshore, Western basin 1
1983 3.1 Shore, Western basin 1
1983 0.58 Shore, Western basin 1
1983 0.83 Shore, Western basin 1
1983 1.01 Shore, Western basin 1
1983 0.84 Shore, CentraT basin 1
1983 0.43 Shore, Centra1 basin 1






















































































1972, 80, 81, 83
 







































































1968 730.0 Niagara Basin
1968 77.0 Mississauga Basin
1968 89.0 Rochester Basin
1972 79.0 Mississauga Basin
1972 245.0 Near Shore, Ne11and Cana1
1972 155.0 Near Shore, Niagara River
1972 80.0 Near Shore, O1cott
























































































































































































































































































































 TABLE 13. MEAN PCB CONCENTRATION AND RANGE FOR LAKE TROUT, RAINBOW SMELT,
SPOTTAIL SHINER AND COHO SALMON FOR THE YEARS SHOWN
Lake Trout Rainbow Sme1t






Year Mean (Rance) Mean (Ranqe) Mean (Ranqe) Mean (Ranqe)
1970 — - — 7.9































































































































































































































































































































into two time frames:





















































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 14. ESTIMATED PCB LOADING RATE FOR THE YEARS 1930 TO 1980









































































































































































































































































































































































































































































































rate from water is calculated from the respiration rate of the animal. The
BCF value is used to compute excretion rate. Therefore, changing the BCF is
equivalent to changing excretion rate. In the Lake Michigan study the BCF
values were constant over all age classes of each species and the same value
was used for alewife and lake trout. Differences in lipid content between
these species and changes in lipid content with age class suggest that the
constant BCF assumption is incorrect. In this work the BCF values reflect
lipid content of the animal. Bioconcentration of PCB to lipid is assumed to
be equal to octanol—water partitioning. The BCF is then computed as the
product of Kow and the fraction lipid of the animal. Adjustment of the BCF
values during model calibration may be viewed as adjustment of Kow. PCB
partitioning to phytoplankton is assumed to be equivalent to partitioning to
solids. At the log Kow of 6.1 used in the physico—chemical model, the
partition coefficient for phytoplankton assumed to be 40 percent carbon and lO
percent dry weight is 30 l/g(w). This value was not changed during the
calibration.
A good fit of the model to data for the lake trout and rainbow smelt
(compared to computed alewife concentrations) was obtained at a log Kow of 6.3
and an alewife PCB assimilation efficiency of 0.6 (rather than the 0.7 used in
the Lake Michigan calibration) (Figure 8). This Kow value is slightly higher
than the value used to computed partitioning to solids and phytoplankton
(i.e., log Kow = 6.1). The increase may reflect selective uptake of
individual PCB congeners. Lipid contents and the calibration BCFs for each






























































































































































0—2 cm 2—4 cm 4-8 cm
Segment Voiume i0“m3 1.680106 390 390 779
Segment Depth m 86 0.02 0.02 0.04
Solids Concentration mg/Q 0.5 260,000 380,000 500,000
Fraction Organic Carbon — 0.25 0.035 0.034 0.028
Soiids Fiux:
Settling g/mZ/yr 421 — - —
Resuspension - 197 — —

















Henry's Constant Pa ma/moi 14.8 - — —
Voiatiiization Rate


















































































































































THE FOOD CHAIN MODEL
 

























































































 The computed average iake trout concentration reaches a peak of about 9.5
pg/g(w) in the iate 19605 and deciines to about 5.5 ug/g(w) in 1980. The













































pg/g(w), with an average maximum concentration of 3.3 pg/g(w) occurring in




The calibrated model is used to evaluate a series of scenarios re ardin
future PCB loadings to the lake. These scenarios include: 9 g
l) an exponential decline in total loading at the rate of
0.057/yr. This rate reflects the historical loading decline
fggg)l0400 kg/yr (ending in l962) to 3750 kg/yr (ending in
2) a step function decline in load in l980 to zero.
3) a step function decline in load in 1980 to l450 kg/yr. (l00%
reduction in atmospheric load)
4) a step function decline in load in l980 to l875 kg/yr. (50%
reduction in total load)
5) a step function decline in load in l980 to 2600 kg/yr. (50%
reduction in atmospheric load)
6) a step function decline in load in l980 to 2600 kg/yr and a
step function decline in atmospheric PCB concentration in l980











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































chain was exposed to a water column PCB concentration of l ng/l for a period
of one year.
The average concentration in the invertebrates, alewife and lake
trout for a ten year period is shown in Figure 12. At the end of the one year
exposure the highest concentration is in alewife, reflecting their more rapid
uptake rate than lake trout. One year after the exposure has ceased the
concentration has declined to near zero in the invertebrates and by about 50%
in alewife. The concentration in lake trout has increased, reflecting
continued uptake through consumption of contaminated alewife. The half—life
of the PCB accumulated in the year of exposure is approximately one year for
alewife and five years for lake trout. The lake trout response time is
significantly longer than the response time of the water column indicated by
the pulse loadings to the physico-chemical model. Therefore, the response of
the fish to PCB loading changes is controlled by the uptake dynamics of the
fish and not the response of the water.
Projected Responses
1; Step Function Loading,Reduction
Because the model responds linearly to a step function change in loading,
the response as a function of time and loading computed for each of the
scenarios indicated above may be extrapolated to any other loading condition.
To provide for convenient use of this extrapolation capability, the results .
for the step function responses are presented as plots of percent reduction in
concentration in relation to total PCB load. These plots indicate the
computed responses for projection times of 1,2,5,1O and 20 years. Plots are
presented for the water column (Figure 13), surface sediment (Figure 14),
alewife (Figure 15) and lake trout (Figure 16). The increaSing percent
reduction with time for the current load of 3750 kg/yr results from the lake.
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years the alewife and lake trout reductions occur at a slower
rate





the rate of reduction
is constant for all
compartments,


































































































































































































































































































































































PCB CONCENTRATIONS IN VARIOUS COMPARTMENTS FOR AN













2 1.59 0.447 1.952 5.748






5 1.38 0.416 1.703 4.978







































































































































































































































therefore the time for lake clearance.
More rapid sedimentation removes PCB
via burial
below the active layer depth.
Resuspension and diffusive velocity
variations also impact the long time constant but also change the shape of the
response with time.
This is shown in the figures accompanying the
computations in Addendum 1.
The most dramatic sensitivity is to sediment active layer depth. The
long time constant is directly proportional to this depth since it specifies
the volume of contaminated sediment that must be cleared. Since this depth is
not well known this uncertainty carries over to the uncertainty of the model
itself.
In general the sensitivity analysis points to the importance of the
sediment—related parameters and their effect on the time to clearance. It is
interesting to note that it is the time of response that is affected, not the
steady state concentrations. These are remarkably constant with respect to
the parameter variations investigated. The major research effort that is
suggested is in the parameterization of the sediment properties and a
collection of data sets that can be used to calibrate these parameters. This
research need appears to be the first order of business since it relates to
the fundamental question: how long will it take for Lake Ontario to respond to
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tx2 = 6.295‘10 fd2
  
  
Equiva1ent Water Co1umn Decay Rate





KT .= K1 fd1 + B r21 ‘Ks a
J J J J J J
VoTati1ization KL := 0.24 m/d






2 191'10 1 178'10
—3 ~4
2 781'10 1 178'10
-3 —4
2 791‘10 J 118'1ﬂ
K w











J m1 'H1'fp2 12 352
j 10 S19
Ratio of Sediment to Water Co1umn Conc.
r21 = 1 (For now)
J
KT = K1 fd1 + B r21 'Ks
J J J J J J
K1 fd1 B r21 ‘Ks KT
J J J, J J J
-3 —3 -3
_Z_145;Jﬂ___ 41 Yﬁﬁjjoi _A‘2JJ;JIL__
-3 -3 —3
42 22'10 1 455'10 3 677'10
-3 -3 -3
2 063‘1ﬂ 239'10 3 302'10
     
 





























3 (kg/Y") p2 := C11 - — .8 .r‘21









1 + KT 't J































1 Time Variab1e Behavior
7 Two roots : 91 (fast), 92 (s1ow)
S1 . 52 = sum of a11 wc, sediment
1osses and transfers
I 91 = $1 + 52 + 1/t0
‘ 92 = 52/(s1+52)*KT










j 0 11 75 J J














































Sum of a11 Water Co1umn Loss Terms (/d)
we ‘pr + K0 'de
   
  
   
J J J J
51 := K1 ‘fd1 +
J J J H1
-1 -1
K1 'fd1 we 'fp1 'H1 K0 'fd1 'H1
J J J J J J
—3 —3 n
_2.AA§;Jn__J 3 325'10 o
-3 —3 a
2 22'10 2 143'1Q
—3 -3
2 053 JD 2 334 JD
  
Sum of a1] Sediment Loss Terms (/d)








wrs 'H2 ws 'H2 KO 'fd2'H2
J ‘1 J
'4 -4 D
















Fast Time Constant (/d)
  
g1 = $1 + 52 + “"




















92 := —““ KT + t















Fast Time Constant (/d)
    
g‘ := 51 + 52 +
















92 = ‘__ IKT + t J
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fd1 := 1 - fp1
J J






























2 791 10 1 178'10
—3 —4
2 791‘10 1 178 10
K
K = __.I_". K = E
1 H1 5 H2
Sediment Capacity Factor


















j m1 ‘H1'fp2 14 388
j 21L27
Ratio of Sediment to Water CoTumn Conc.




+ e 'r21 'Ks
W 2: 3750
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3 (kc/yr)
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j 0 0 13
1 582 0 326




0.95 +- 0.74 ng/L 0.13 — 0.6
Time VariabTe Behavior
Two roots : 91 (fast),

















sum of a11 wc,
Tosses and transfers



















2: [us + wrs ]'
j J m1
H1
r2 := C11 “ ‘3 PM
J J 2 J
r2 = r2 m2 10
J J
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we 'fp1 + K0 ‘fd1
    
 
 
J J J J
51 := K1 ‘fd1 +




















2 3'10 4 72'LQ
   
Sum of a11 Sediment Loss Terms (/d)
[wrs + ws J'pr + KD 'fd2
J J I
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(a)
 Fast Time Constant (/d)
   
 
 
91 = 51 + 52 + "_
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foc1 K 1x2 = foc2 K
j 0w ow
mx1 =
J K m1 'foc1 K








































IXZ = 6.295'10 fd2 B 6.11'10
-169 —
 Equivaient Water Co1umn Decay Rate
   
 
   
 
 
KT := K1 'fd1 + B 'r21 'KS 5
J J J J J J
Vo1ati1ization KL := 0.24 m/d
Sedimentation ws := mm/yr
J




















m2 H2 fp1 B
J J
B .= D 14 988
j m1 'H1'fp2 14 988
j J4 988
  





r21 = 1 (For now)
J
KT = K1 fd1 + B r21 Ks
J J J J J J
K1 fd1 8 P21 'Ks KT
J J J J J
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1 + KT ‘t j
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0.95 +— 0.74 ng/L 0.13 - 0.6 ug/g 365


































91 = 51 + 52 + 1/t0
92 = 52/(s1+52)*KT
































































   
J J J J
51 := K1 'fd1 +
J J J H1
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Sum of a11 Sediment Loss Terms (/d)
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| Fast Time Constant (/d)
   
91 = $1 + $2 + “‘












   



















PCB Concentration - ng/L
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m1 := ml 10
j 3
-6













































































































































































































































































6 := ____*__—__ 0 14.988









        
  
 

















































ws -= ws :1
j J
Time Variable Behavior
Two roots : 91 (fast), 92 (slow)
s1 , 52 = sum of all wc, sediment
losses and transfers
91 = 51 + 52 + l/tO
92 = sZ/(sl+52)tKT
































































































51 := K1 fdl +



































Sum of all Sediment Loss Terms (/d)

















    






Fast Time Constant (/d)
1
91 := 51 + 52 + “"
   












Slow Time Constant (/d)
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m1 = m1 10
J J
—6
m2 = m2 10
6.1
Partitioning K = 10 nu = 1.4
ow x
PIM
foc1 ‘K xx2 = foc2'K
j ow ow
xx1 =
J K m1 'foc1 'K
ow j j ow
1 + m1 ‘foc1 0 157
J J nu 0 157
x D 157 xx1
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5 fd2 = -—"""
2 329-111
1 + m2‘tx2
4 -5 fp2 = 1 - fd2
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Ratio of Sediment to Water Co1umn Conc.
P21 = 1 (For now)
J
KT = K1 fd1 + B'r21 'KS 11 = 3750



















































 Steady State Concentrations






CT - 17.084 (no/L)
CT
r2
1 + KT ‘t J







ng/L 0.13 - 0.6 pg/g
Time Variable Behavior
Two roots : 91 (fast), 92 (slow)
sl , s2 =
sum of all we, sediment
losses and transfers
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KO 5 0.01 KD
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Slow Time Constant (/d)
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m1 '= ml 10
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focl K nxz := foc2 K
ow V ow
nxl :=






1 + ml nxl
5 fpl = 0.124
nxl = 2.829 10
1
fd2 :=




:= 1 - fd2
nxz = 6.295 10 fd2 = 6.11 10
— 193 —
 
 Equivalent Water Column Decay Rate
"KT := K1 ‘fdl + g ~r21 'KS n
j J J J J J
Volatilization KL := 0.24
Sedimentation ws := 0.86
Decay Rates
















m2 H2 fpl B












   
r21 := 1 (For now)
3
KT = Kl 'fdl + B 'r21 'Ks
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ws := ws c1
Time Variable Behavior
Two roots : g1 (fast), g2 (slow)
sl , $2 = sum of all we, sediment
losses and transfers
91 = 51 + 52 + 1/t0
g2 sZ/(sl+sZ)*KT
KD := 0 wrs := 0.76
 
 










wa <--By mass balance
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wa ‘fpl + KD'fdl
$1 := K1 ‘fdl +
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can play a useful
role in managing the issue of the
presence of~tox1c organic chemicals in the Great Lakes (IJC Modelling Task
Force Report l986, EPA Great Lakes Strategy Report l986).
In l986, the IJC in
association with other agencies commissioned a test study of such models
treating one chemical (PCB's), in one lake (Ontario), using three independent
modelling efforts. The general aim was to determine if the models gave
similar, useful and understandable results. This report describes one of
these efforts in which the fugacity model is applied to this task.
Specifically, the aim was to demonstrate the ability of the mathematical
model to:
(i) accurately relate loadings to concentrations of PCBs in various media.
(ii) predict the responsiveness of the system to various load reductions.
(iii) explore the adaptability of the model to other toxic chemicals.
(iv) conduct a sensitivity analysis.
An interim report was prepared for distribution prior to the February l987























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FugaCity ratios are also given for 4 trophic levels of biota,
following Connolly and Pederson (l986), and for gull eggs.
This enables
fugaCities (and hence concentrations) to be calculated for these fish and gull
eggs from the water fugacity.
Instantaneous equilibrium is assumed to apply.
This is a severe limitation (as is discussed later) but could be corrected by
including differential equations describing the uptake rates by these biota.
Figure 4 gives the lake dimensions. Note that a sediment active depth of
5 mm was assumed. Sediment deeper than this is assumed to be irreversibly
buried.
Figures 5 to 9 give various other assumed quantities. Of particular
importance are the sediment deposition, resuspension and outflow rates, which
are taken from Thomann and DiToro (l983). It is assumed that the PCBs are
totally unreactive.
Figure l0 gives the D values. These quantities can be compared directly
to give information about their relative importance. The significant
processes (in order of decreasing importance in terms of D values or transport
parameters) are
Net particle deposition 23 million mol/hPa
Sediment deposition l8 "
Sediment resuspension 9.0 "
Water particle inflow 8.9 ”





































































































































































































































































































































































































































































































































































































































































































' Z for air ' 4.22E-04 '
' Z for water ' 8.45E-02 '
' Z for water particles ' 4.l9E+04 '
' Z for sediment particles
'
4 l9E+03 '
' Z for fish (equilibrium TLl) ' 5 32E+03 '
' Z for gull eggs ' 8.51E+O3 ' FIGURE 3
‘ Z for aerosol
'
2 93E+05 '
' Z for bulk water ' 9.32E—02 '
' Z for bulk sediment
'
6-285+02 '
' Z for bulk air ' 4.81E—04 ‘
' Fugacity ratio for fish (TL2/water) ‘ 3.000 '
' Fugacity ratio for fish (TL3/water) ' 9.000 '
' Fugacity ratio for fish (TL4/water) ' 27.000 '
' Fugacity ratio of gull egg (egg/fishTL3) ' 30.000 :
Lake Dimensions
' Nater area (square metres) : 1-95E+10 :
' Sediment area (square metres) I 1-95E*10 ,




' Sediment volume (cubic metres) ' 9 74E+07 I
' Mean water depth (metres) . 8'55E+0] .









Suspended Sediment Flows (m‘3/h)
' Niagara particles
' Tributary particles















' Volatilization: Air side
' Volatilization: Water side
' Overall water side
' Sediment—water diffusion
Water
' Deposition velocity (m/h)
' Scavenging ratio
' Net particle deposition (m‘3/h)
' Dry particle deposition (m‘3/h)























































Water particle outflow (DY) ,43E+05
Rain dissolution (DM)
.69E+05
Net particle deposition (DC) .34E+07
Dry particle deposition (DQ) .16E+06
Water inflow (DI) .05E+06




Input Quant1t1es for Each Year
 
Year Em1ss1ons Hater Inf1ov Inf1ov Conc'n A1r Conc'n
kg/y kg/y ng/L ng/m‘3
1940 0.00 137.33 0.65 0.32
1941 0.00 274.67 1.29 0.65
1942 0.00 412.00 1.94 0.97
1943 0.00 549.34 2.58 1.29
1944 0.00 686.67 3.23 1.61
1945 0.00 824.01 3.87 1.94
1946 0.00 961.34 4.52 2.26
1947 0.00 1098.67 5.16 2.58
1948 0.00 1236.01 5.81 2.90
1949 0.00 1373.34 6.45 3.23
1950 0.00 1510.68 7.10 3.55
1951 0.00 1648.01 7.74 3.87
1952 0.00 1785.34 8.39 4.19
1953 0.00 1922.68 9.03 4.52
1954 0.00 2060.01 9.68 4.84
1955 0.00 2197.35 10.32 5.16
1956 0.00 2334.68 10.97 5.48
1957 0.00 2472.02 11.61 5.81
1958 0.00 2609.35 12.26 6.13
1959 0.00 2746.68 12.90 6.45
1960 0.00 2884.02 13.55 6.77
1961 0.00 3021.35 14.19 7.10
1962 0.00 3158.69 14.84 7.42
1963 0.00 3296.02 15.48 7.74
1964 0.00 3433.35 16.13 8.06
1965 0.00 3570.69 16.77 8.39
1966 0.00 3708.02 17.42 8.71
1967 0.00 3845.36 18.06 9.03
1968 0.00 3982.69 18.71 9.35
1969 0.00 4120.03 19.35 9.68
1970 0.00 4257.36 20.00 10.00
1971 0.00 3982.79 18.71 6.96
1972 0.00 3725.93 17.50 5.03
1973 0.00 3485.63 16.37 3.78
1974 0.00 3260.83 15.32 2.96
1975 0.00 3050.53 14.33 2.39
1976 0.00 2853.79 13.41 1.99
1977 0.00 2669.74 12.54 1.70
1978 0.00 2497.56 11.73 1.48
1979 0.00 2336.49 10.98 1.30
1980 0.00 2185.80 10.27 1.15
1981 0.00 2044.83 9.61 1.03
1982 0.00 1912.96 8.99 0.92
1983 0.00 1789.58 8.41 0.83
1984 0.00 1674.17 7.86 0.75
1985 0.00 1566.20 7.36 0.67
1986 0.00 1465.19 6.88 0.61
1987 0.00 1370.69 6.44 0.55
1988 0.00 1282.29 6.02 0.50
1989 0.00 1199.59 5.64 0.45
1990 0.00 1122.23 5.27 0.41
1991 0.00 1049.85 4.93 0.37
1992 0.00 982.14 4.61 0.33
1993 0.00 918.80 4.32 0.30
1994 0.00 859.55 4.04 0.27
1995 0.00 804.11 3.78 0.25
1996 0.00 752.25 3.53 0.22
1997 0.00 703.74 3.31 0.20
1998 0.00 658.35 3.09 0.18
1999 0.00 615.89 2.89 0.17
2000 0.00 576.17 2.71 0.15
     














































































































































possibly by a factor of 2.
Of the annual
5423 kg per year deposited from the atmosphere, 4772
volatilize.
The net 651 kg deposited combine with the inflow of 4257 kg to
give 4908 kg of which l983 transfer to the sediment and 2417 flow out of the
lake, the balance (508) becoming inventory change in the water.
About 1972 there was no net air—water exchange. After 1972 there was net
loss to the atmosphere.
After l970, air and water concentrations fall until by 1985 there is net ‘
volatilization of l09l kg/year to the atmosphere. Sediment is still '
depositing at l68 kg/year. The water concentration is now 3 ng/L, the surface
sediment lOl ng/g, fish range from 0.l to 4.5 pg/g and gull eggs are 72
pg/g. There is a steady decline to 2000 as shown with about 8% of the
inventory in the water and sediment being lost per year.
These concentrations agree fairly well with the reported values circulated
to the modellers prior to the meeting. The water concentrations may be high
by a factor of 2 or 3.
With the model established, it is possible to "fine tune” it to give a
more realistic and accurate representation of PCB behaviour in Lake Ontario-
The most important variables which must be scrutinized and adjusted are:





































































































































































































































































BASE CASE FIGURE NO BC - 1




















































































Approximate Rates of Processes
mo1/h kg/year
Emission into water 0.00E+00 0.000
Buria1 3.39E—03 9.673
Sediment transformation 0.00E+00 0.000
Sediment resuspension 3.50E-02 99.975
Sediment to water diffusion -2.14E-O4 -0.612
Sediment deposition 7.46E—02 213.123
Water transformation 0.00E+OO 0.000
Vo1ati1ization 1 19E-02 33.867
Water outf1ow 8 67E—03 24.757
Water partic1e outf1ow 1.02E-03 2.927
Rain dissoiution 3.48E-04 0.995
Net partic1e deposition 4.82E—02 137.756
Dry partic1e deposition 1 27E-02 36.202
Water inf1ow 8.99E-03 25.663
Hater partic1e inf1ow 3 91E—02 111.672
Summary kg/year
0vera11 process rates (kg/year)
Emissions 0.00
Inf1ow in water 137.33
Net atmospheric deposition 141.09
Outf1ow in water 27.68


































Mass in water (kg)
Mass in sediment (Kg)
   
 BASE CASE FIGURE NO BC - 2




Total air (ng/m‘3) 1.24E-08
Water 4.97E-08
Water particles 4.97E—08
Total water (ng/L) 4 97E—08
Particulates(pg/g) 4.97E—08
Sediment (ng/g) 7 50E-O8
Fish (TLl) (pg/g) 4 97E—08
Fish (TL2) (pg/g) 1.49E—07
Fish (TL3) (pg/g) 4.47E—07
Fish (TL4) (pg/g) 1.34E-06
Gull eggs (pg/g) 1.34E-05
Rain (ng/L) 1.24E—08

























Inventory change in water
Inventory change in sediment
Mass in water (kg)


















































































































—BASE CASE FIGURE NO BC - 3













































































































































Approximate Rates of Processes
moi/h kg/year
Emission into water 0.00E+00 0.000
Burial 1.55E-01 443.766
Sediment transformation 0.00E+00 0.000
Sediment resuspension 1.61E+00 4586.635
Sediment to water diffusion 4.51E-02 128.879
Sediment deposition 1.95E+00 5565.143
Hater transformation 0.00E+00 0.000
Voiati1i2ation 4.80E-01 1371.732
Hater outf1ow 2.26E-01 646.451
Water partic1e outf1ow 2.68E-02 76.420
Rain disso1ution 3.83E403 10.943
Net partic1e deposition 5.31E-01 1515.312
Dry partic1e deposition 1.39E—01 398.224
Nater inf1ow» 9.88E-02 282.288
Hater partic1e infiow 4.30E-01 1228.388
Summary kg/year
0vera11 process rates (kg/year)
Emissions 0.00
Inf1ow in water 1510.68
































































































 BASE CASE FIGURE N0 BC - 4









































































































































































































































































































































































Overall process rates (kg/year)
Emissions 0.00





































Inventory change in water 652.0
Inventory change in sediment 447.3






























































































































































































































Sediment to water diffusion l.O8E-0l 307.894
Sediment deposition 4.22E+00 12055.920
Water transformation 0.00E+OO 0.000
Volatilization l.O7E+00 3062.877
Nater outflow 4.90E-0l l400.424
Hater particle outflow 5.8OE-02 l65.55l
Rain dissolution 7.32E—03 20.89l
Net particle deposition l.0lE+00 2892.868
Dry particle deposition 2.66E-0l 760.246
Hater inflow l 89E—Ol 538.9l4
Hater particle inflow 8 2lE-Ol 2345.l04
Summary kg/year
Overall process rates (kg/year)
 
Emissions 0.00
Inflow in water 2884.02
Net atmospheric deposition 6ll.l3
Outflow in water l565.98 6,,
Reaction in water 0.00
2334.._/\-/‘\~£‘\~/\—/-/\—~Jk.»~ISbe







Inventory change in water 655.9
Inventory change in sediment 450.6
999’
Mass in water (kg) l2090.0
Mass in sediment (kg) 8030.4
- 223 -
  
 BASE CASE F1GURE NO BC — 6





































































































































































Rain (ng/L) 5 35E-08 6

























Inventory change in water
Inventory change in sediment
Mass in water (kg)








































































































































































































































































Approximate Rates of Processes
mol/h kg/year
Emission into water 0.00E+00 0.000 '
Burial 5.47E—01 1560.816
Sediment transformation 0.00E+00 0.000
Sediment resuspension 5.65E+OO 16132 150
Sediment to water diffusion 1.7lE-01 489.415
Sediment deposition 6.51E+00 18604.290
Hater transformation 0.00E+00 0.000
Volatilization 1.67E+00 4771.889
Hater outflow 7 57E—01 2161.088
Hater particle outflow 8 95E-02 255.473
Rain dissolution 1.08E-02 30.839
Net particle deposition 1.50E+00 4270.424
Dry particle deposition 3.93E-01 1122.267
Hater inflow 2.79E—01 795.540
Hater particle inflow 1.21E+00 3461-821
Summary kg/year
Overall process rates (kg/year)
Emissions 0.00
Inflow in water 4257.36

































































Inventory change in water 656.9














Mass in sediment (kg) 12543-7
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 BASE CASE FIGURE N0 BC - 8




Total air (ng/mA3) 1.53E-08
Water 2 4lE-07
Hater particles 2.41E—07
Total water (ng/L) 2.4lE—07
Particulates(pg/g) 2.41E—07
Sediment (ng/g) 4.49E-O7
Fish (TLl) (pg/g) 2.4lE-07
Fish (TLZ) (pg/g) 7.23E—07
Fish (TL3) (pg/g) 2.17E—06
Fish (TL4) (pg/g) 6.50E-O6
Gull eggs (pg/g) 6.50E-05
Rain (ng/L) 1.53E-08







































Mass in water (kg)























































































































































BASE CASE FlGURE NO BC - 9





































































































































Approximate Rates of Processes
mol/h kg/year
Emission into water 0.00E+00 0.000
Burial 2.39E-01 683.263
Sediment transformation 0.00E+00 0.000
Sediment resuspension 2.47E+00 7062.015
Sediment to water diffusion 8.34E-02 238.226
Sediment deposition 2.63E+00 7500.613
Water transformation 0.00E+00 0.000
Volatilization 7 75E—01 2211.881
Hater outflow 3.05E—01 871.276
Hater particle outflow 3.6lE—02 102.998
Rain dissolution 1 24E-03 3.549
Net particle deposition 1.72E—01 491.442
Dry particle deposition 4.52E—02 129.151
Water inflow 1.43E-01 408.444
Water particle inflow 6.22E-Ol l777-358
Summary kg/year
Overall process rates (kg/year)
 
Emissions 0.00
Inflow in water 2185.80


















































































































   
 BASE CASE FIGURE NO BC - 10
Conditions during the year l985
. Fugacity Conc
Atmosphere 4.30E—09 l
Aerosol particles 4.30E—09 2
Total air (ng/m‘3) 4.30E—09 2
Water 9.73E-08 8
Water particles 9.73E—08 8
Total water (ng/L) 9.73E-08 9
Particulates(pg/g) 9.73E-08 4
Sediment (ng/g) l.79E—07 7
Fish (TLl) (pg/g) 9.73E—08 5
Fish (TL2) (pg/g) 2.92E-07 l
Fish (TL3) (pg/g) 8.76E—07 4
Fish (TL4) (pg/g) 2.63E—06 l
Gull eggs (pg/g) 2.63E-05 2
Rain (ng/L) 4.30E-O9 5

























Inventory change in water
Inventory change in sediment
Mass in water (kg)




































































































































BASE CASE FIGURE NO BC — 11

















































































































































Sediment resuspension 1.09E+00 3102.239
Sediment to water di!fusion 3 62E-02 103.290
Sediment deposition 1.17E+00 3331.385
Hater transformation 0.00E+00 0.000
Voiati1ization 3.48E-01 992.881
Hater outfiow 1 36E—01 386.976
Water partic1e outf1ow 1.60E—02 45.746
Rain disso1ution 4.39E-04 1.253
Net partic1e deposition 6.08E-02 173.517
Dry partic1e deposition 1 60E-02 45.600
Hater inf1ow 7.34E-02 209.702
Water partic1e inf1ow 3.20E-01 912.526
Summary kg/year
Overa11 process rates (kg/year)
Emissions 0.00
Inf1ow in water 1122.23
Net atmospheric deposition -772.51
Outﬂow in water 432.72 77},












Inventory change in water -263.6
Inventory change in sediment -191.6
301)
Mass in water (kg) 3340.8
Mass in sediment (kg) 2412.2
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 BASE CASE FIGURE NO BC — 12
Conditions during the year 1995
Fugacity Conc
Atmosphere l.57E-09 6















Water 4 SSE—08 3





























Sediment (ng/g) 8.32E-08 3
Fish (TLl) (pg/g) 4.55E-08 2
Fish (TL2) (pg/g) 1.36E-07 7
Fish (TL3) (pg/g) 4.09E—07 2













Rain (ng/L) l.57E-09 l

























Inventory change in water
Inventory change in sediment
Mass in water (kg)














































































































_BASE CASE FIGURE NO BC — 13
















































































































Approximate Rates of Processes
moi/h kg/year
Emission into water 0.00E+00 0.000
Buria1 5.02E—02 143.447
Sediment transformation 0.00E+00 0.000
Sediment resuspension 5.19E—O1 1482.627
Sediment to water diffusion 1.72E-02 49.212
Sediment deposition 5.59E—01 1596.236
Water transformation 0.00E+00 0.000
Voiatiiization 1.68E-01 480.272
Water outfiow 6.49E-02 185.420
Water partic1e outf1ow 7.68E-03 21.919
Rain dissoiution 1.61E-04 0.451
Net partic1e deposition 2.23E—02 63.784
Dry partic1e deposition 5.87E—03 16.763
Nater infiow 3.77E—02 107.665
Water partic1e inf1ow 1.64E-01 458-505
Summary kg/year
Overa11 process rates (kg/year)
Emissions 0.00
Inf1ow in water 576.17











































































Mass in water (kg)
Mass in sediment (kg)






















































































































































































































































































































































































































water k - 1000/7000 = 0.14 year“1
T = 7000/1000 = 7 years
sediment k a l000/5000 = 0.2 yearS'l
T - 5000/1000 = 5 years
The same process thus has a different rate constant when viewed from each
compartment.
If there are two transfer processes e.g. 3000 kg/year deposition and 2000

























































































































































































For example, consider water containing 7000 kg of PCB in which only the
following processes apply:
 
Deposition 3000 kg/year K = 0.429 T = 2.3
Volatilization 2000 kg/year K = 0.286 T = 3.5
Outflow l000 kg/year K = 0.143 T = 7.0
Reaction l00 kg/year K = 0.0l4 T = 70
0.872 l.15
In this case it is clear that deposition controls the overall time
response because it has the shortest time and fastest rate constant.
It is thus useful to examine the magnitude of these constants for this
case. In the fugacity model these are simply
Rate constant = DIV-Z






















































































































































































































































































































































































































































































































































































fish were not included in the model. Uptake kinetics are clearly more
important than was previously appreciated.


































Water outflow 8.6 _-_



























































































































































































In these figures it is more convenient to examine guTT egg concentrations

















































































































'uiation Itancentntionmat'l units) versus Yup
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Variation 5 included an additional 5.7% per year reduction in loadings from
the base case after 1980. Variation 6 had loadings after 1980 of the l980
loadings reduced by 5.7% per year.
Variation 6 is fairly similar to the base case suggesting that recent overall
loading reductions have been about 6% per year.
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3 i. u~ x

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































' Sediment transformation (05)
' Sediment resuspension (DR)
' Hater—to-sediment diffusion (DT)
' Sediment deposition (DD)
' Hater transformation (DH)
' Volatilization (DV)
' Hater outflow (DJ)
' Hater particle outflow (DY)
' Rain dissolution (DM)
' Het particle deposition (DC)
' Dry particle deposition (DQ)
' Hater inflow (DI)


























































































































Conditions during the year 1980
Fugacity Conc
Atmosphere 2.39E—08 9
Aeroso1 particles 2.39E—08 5
Tota1 air (ng/m‘3) 2.39E-08 9











































































































Rain (ng/L) 2.39E—08 8

























Inventory change in water
Inventory change in sediment
Mass in water (kg)

































































































































































































































































































































































Approximate Rates of Processes
mol/h Kg/year
Emission into water 0.00E+00 0.000
Burial 3 74E—05 0.059
Sediment transformation 0.00E+00 0.000
Sediment resuspension 3.87E-04 0.615
Sediment to water diffusion 2.02E-04 0.320
Sediment deposition 6.25E-04 0.994
Water transformation 1.37E+00 2183.428
Volatilization -1.18E-03 —1.880
Water outflow 2 89E-03 4.596
Water particle outflow 8.58E—06 0.014
Rain dissolution 2.53E-04 0.402
Net particle deposition 6.35E-06 0.010
Dry particle deposition 1.67E-06 0.003
Nater inflow 1.24E+00 1970.423
Nater particle inflow 1.35E-01 215.379
Summary kg/year
Overall process rates (kg/year)
i Emissions 0.00
‘ Inflow in water 2185.80


































































Mass in water (kg)
Mass in sediment (kg)
  
 Mirex




























































































































































































Inventory change in water
Inventory change in sediment
Mass in water (kg)






























































































































































































































































































































Sediment to water diffusion 1.53E—02 33.841
Sediment deposition 4.44E—01 979.460
Water transformation 2.81E+00 6206.511
Volatilization —1 81E-02 —40.016
Water outflow 5.92E-02 130.631
Water particle outflow 6 09E—03 13.450
Rain dissolution 7.83E-02 172.853
Net particle deposition 1 43E+00 3157.150 _ 1
Dry particle deposition 3.76E-01 829.699
Water inflow 2.07E-01 456.323
Water particle inflow 7.83E-01 1729.479
Summary kg/year
Overall process rates (kg/year)
Emissions 0.00
Inflow in water 2185.80
Net atmospheric deposition 4199.72
Outflow in water 144.08
Reaction in water 6206.51
Transfer to sediment 45.73
Sediment loss 87.07












































Total air (ng/m‘3) 2.64E—08
Water 2.28E-ll
Water particles 2.28E-ll
Total water (ng/L) 2.28E—ll
Particulates(pg/g) 2.28E-ll
Sediment (ng/g) 2.l7E—ll
Fish (TLl) (pg/g) 2.28E—ll
Fish (TLZ) (pg/g) 6.85E—ll
Fish (TL3) (pg/g) 2.06E—l0
Fish (TL4) (pg/g) 6.l7E-l0
Gull eggs (pg/g) 6.17E-09
Rain (ng/L) 2.64E—08

























Inventory change in water
Inventory change in sediment
Mass in water (kg)



























































































































































































































Approximate Rates of Processes
mo1/h kg/year
Emission into water 0.00E+00 0.000
Buriai 8.34E-07 0.001
Sediment transformation 2.71E—04 0.185
Sediment resuspension 8.62E-O6 0.006
Sediment to water diffusion —2.63E-04 -0.180
Sediment deposition 1.77E—05 0.012
Nater transformation 3.04E+00 2079.830
Vo1ati1ization 1.35E-O1 92.743
Nater outf1ow 1.92E—02 13.132
Nater partic1e outf1ow 2 43E—07 0.000
Rain disso1ution 1.28E—04 0.088
Net partic1e deposition 5.45E-08 0.000
Dry partic1e deposition 1 43E—08 0.000
Water inf1ow 3.19E+00 2184.783
Hater partic1e inf1ow 1.49E-03 1.019
Summary kg/year
Overa11 process rates (kg/year)
Emissions 0.00


















































































































































































































































































































































































































































































































































































































































































































important sorbents which are not treated here.



















































differing bahaviour of PCB congeners.
































































































15 also possible that the assumed wet deposition rate is 'Ugges .
masses over the lake become depleted of PCBs.























































The accuracy of the model
is very difficult to judge, probably it is no
better than a factor of 3.
But this error should be viewed in comparison with
errors or uncertainties in toxicological inferences which are often much
greater.
0n the positive side, the model is believed to be basically sound since it
is founded on well accepted expressions for partitioning and kinetics. It is
reasonably simple. The use of D values facilitates interpretation of the
sensitivities of the model and the results. This is more difficult with
conventional models. At the workshop this issue was discussed, particularly
by Di Toro who presented a detailed analysis of the Connolly—Di Toro model in
this light. The present model differs from the others in its treatment of air
deposition. It also included gull eggs, which are a valuable source of
information about contaminant levels.
As expected each model had its strengths reflecting the experience of the
modellers.
The Rogers—DiPinto model gives an excellent treatment of biotic and
abiotic deposition processes. The Connolly-Di Toro model gives better
treatment of sediments and trophic level transfers. This model treats






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Rodgers, D. W., S1awecki, T., DePinto, J. V., and Booty, W. 1987
"LTI Toxics Mode1 App1ication:
PCBs in Lake Ontario - An Exp1oratory
App1ication“ Report to IJC Task Force on Chemica1 Loadings, Windsor,
Ontario.
Thomann, R. V. and Di Toro, D. M. 1983 Physico-Chemica1 Mode1 of Toxic








































































N5" VARIATION l (










TC = l2 'temperature in degrees Celsius
TK = TC + 273
'temperature in de
grees Kelvin
R = 8.314 'gas constant
NM = 326
'molecular mass (g/mol)
SOLY25 a .03 'solubility (g/m‘3)
SOLY=SOLY25*EXP(l500*(ll298—l/TK))





'Henry‘s Law constant (Pa m“3/mol)





ORGP .4 'fraction DC in water particles
ORGS 04
“fraction 0C in se
diment
DENP .4 'density of particles in water




VFP - 2.08E—07 'volume fraction water particles
CVFP = VFP * DENP * l0‘6 'concentration: water particles (mg/L)
VFQ a ZE-ll 'volume fraction aerosol particles
VFS=.15 'volume fraction particles in surface sediment
CVFQ = VFQ * DENQ * lO‘lZ 'concentration: aerosol particles (microg/m‘3)
ZA a l/R/TK
'Z for air
l/H 'Z for water
.4l*KON*ORGP*DENP*ZN 'Z for particles






































'Z for bulk water



























































































































































































































































































































































































































































































































































































































































































































































































LPRINT USING " Ga
s constant (J/mol
K)
LPRINT USING " Molecular mass (g/mol)
LPRINT USING “ Solubility (g/m‘3)
LPRINT USING " Solubility (mol/m“3)
LPRINT USING " Vapour pressure (Pa)
LPRINT USING “ Henry's Law constant (Pa m“3/mol)
LPRINT USING " Log octanol—water partition coefficient
LPRINT USING " Octanol—water partition coefficient
LPRINT USING " Fraction DC in water particles -
LPRINT USING " Fraction 0C in sediment
LPRINT USING " Density of particles in water (g/cm‘3)




























































2190 LPRINT USING “ Density of aerosols (g/cm‘3)
##.## ";DENQ
2200 LPRINT USING “ Volume fraction water particles
##.##‘”“ ";VFP
2210 LPRINT USING " Concentration: water particles (mg/L)
##.##“”“ ";CVFP

















































































































































2380 LPRINT “ Lake Dimensions ”


























































2460 LPRINT " ————————————————————————————————————————————————————— "
2470 LPRINT CHR$(12)
2480 LPRINT " Hater Flows (m‘3/h)
"



















































































































































































































































Net particle deposition (m‘3/h)
USING “ Dry particle deposition (m‘3/h)






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3760 IF OP-S GOTO
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